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EXECUTIVE SUMMARY

This report presents evidence of the extent of natural attenuation processes reducing the concentrations of
chlorinated aliphatic hydrocarbons (CAHs) detected in groundwater at the Rocky Flats Environmental
Technology Site (RFETS or Site). CAH compounds detected in groundwater at the RFETS are sourced
from past chlorinated solvent spills that occurred at the Site while it was operating. Chlorinated solvents
known to have been used at RFETS include carbon tetrachloride (CT), tetrachloroethene (PCE),
trichloroethene (TCE), 1,1,1-trichloroethane (1,1,1-TCA), chloroform (CF), and methylene chloride
(MC). This evaluation uses available groundwater quality data to estimate the rates of natural attenuation
for these constituents by éalculating several types of degradation rate constants. This report also uses a
number of geochemical lines of evidence to document the extent of biodegradation at RFETS.

A site-specific conceptual model was developed for natural attenuation processes that may occur at the
RFETS. This model views biodegradation as occurring within small “islands” where anoxic conditions
can be locally maintained to support reductive dechlorination, the principal mechanism for CAH
biodegradation, of relatively oxiized CAHs like CT, PCE, and TCE. These “islands” of biodegradation
are surrounded by a “sea” of oxidizing groundwater that probably does not support reductive
dechlorination. The mean concentration of dissolved oxygen (DO) in shallow groundwater at RFETS is
relatively high at 5.7 mg/L. Reductive dechlorination would most likely be eliminated under these
oxidizing conditions, although vinyl chloride may be rapidly oxidized. Under oxidizing or reducing
conditions, 1,1,1-TCA undergoes rapid hydrolysis (half-life 0.5 to 1.7 years) to acetic acid. Thus, 1,1,1-
TCA has the best chance for the most rapid natural attenuation of the primary solvents used at the
RFETS. '

Fuel spilis resulted in benzene, toluene, ethyl benzene, and xylenes (BTEX) spatially associated with
some CAH plumes. These constituents, if present in groundwater, provide an organic substrate for
bacterial growth and help produce locally anoxic conditions at the islands through microbial respiration.
The lathe coolant used at the RFETS should be particularly amenable to biodegradation since the

hydraulic.oils in the coolant would be a suitable substrate for bacterial growth-resulting in reducing —— .

conditions that support CAH reductive dechlorination.

The CAHs undergoing natural attenuation in groundwater at the RFETS have been evaluated using
various lines of evidence suggested in the technical literature. These lines of evidence include estimation
of biodegradation rate constants, bulk attenuation rate constants, point attenuation rate constants, and
overall mass removal of CAHs from groundwater.

Several hundred graphs and maps were prepared to interpret water quality data to:
¢ Determine attenuation rate constants;
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¢ Interpret redox environments suitable for biodegradation;
¢ Visualize the extent of natural attenuation of CAHs through time; and

o Interpret the attenuation of CAH concentrations along groundwater flowpaths.

A ranking system based on Wiedemeier scores (Wiedemeier et al., 1999) was used as a screening tool to
quickly assess the occurrence and extent of biodegradation that may be occurring at the Site. This
screening system is based on the concept that biodegradation will cause predictable changes in
groundwater chemistry (EPA, 1998). If most of the relevant water quality parameters have been
measured, then their concentrations may be compared against this scoring system, which assigns points
(-3 to +3) to individual parameters. The points for all parameters are summed to produce a Wiedemeier
score for each well,

Groundwater field parameters and analytical concentrations were used to develop a Wiedemeier score at
wells that had sufficient data. Wiedemeier scores for 579 monitoring wells at RFETS ranged from a
minimum of -3 points to a maximum of +22 points. The mean score was 3 points with a standard
deviation of 3.4 points. Cumulative frequency data indicate that 78% of the wells at RFETS have
groundwater scores below 6 points indicating inadequate to no evidence of biodegradation.

Based on presently available data, well 33502 is the only well at RFETS exhibiting strong evidence of
biodegradation based on a maximum score of 22. Well 33502 is located under Sage Avenue just north of
B335. Well 33502 has elevated vinyl chloride (VC) concentrations (1,200 pg/L) in February, 2003 that
exceed the Tier I groundwater action level of 200 pg/L.

A second monitoring location, well 1986, had adequate evidence of biodegradation with a maximum
score of 19. Well 1986 is located about 1,500 feet northeast of well 33502. All other wells (99.2%
cumulative frequency) had scores less than 15, indicating lesser degrees of evidence. These wells
included:

e 125 wells with limited evidence of biodegradation (6 to 14 points);

o 349 wells with inadequate evidence of biodegradation (1 to 5 points); and

e Hundreds of wells and drains with no positive evidence of biodegradation.

Approximately 170 graphs were prepared where the natural log of contaminant concentration (In C) was
plotted against contaminant migration distance (D) using data from wells located along a groundwater
flowpath from a CAH source area. Each chart shows the trend in detected concentrations of a single
CAH at multiple wells located along the flowpath during a restricted time period.

These In C versus D plots were prepared to determine bulk attenuation rate constants (Ks) for individual
CAHs in each of seven areas of interest in or near the Industrial Area (IA). A K, value is a composite rate
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constant for all natural attenuation processes that may be operating at a site. Bulk attenuation rate
constants are useful for two purposes. First, they can be used to predict the future extent, or size of a
plume, and whether it should grow, shrink, or remain at steady-state. Second, for steady-state plumes, the
same data used to compute K, values can be used to estimate biodegradation rate constants,

Natural attenuation processes are widely believed to decrease contaminant concentrations during
contaminant migration along a groundwater flowpath from a contaminant source area. Considering the
RFETS results, 103 of the In C versus D plots had regression lines with negative slopes (positive K, rates)
indicating that the concentrations of CAHs were naturally attenuating during contaminant migration.
However, another 64 of the In C versus D plots exhibited postive slopes (negative K, rates) indicating
that the concentrations of some contaminants were actually increasing through time in groundwater at
RFETS. The most likely explanation is that the plume segments with positive slopes show only the rising
limb of increasing daughter product concentrations. If more closely-spaced wells were available along
each plumes’ flowpath, then the daughter concentrations should peak and then attenuate with distance in
accordance with the conceptual model (Figure 3-5).

Plumes that are predicted to shrink are attenuating faster at an average bulk attenuation half-life of 7.5
years. Plumes predicted to grow are attenuating slower with average bulk attenuation half-lives of 19.8
years. The bulk attenuation half-life of steady-state plumes averaged 15.1 years. Using these half lives, a
wide range of predicted decay times was found for CAHs in Site groundwater to attenuate below the Tier
II groundwater action levels. Estimated decay times ranged from one to more than 1,200 years.

Biodegradation rates were computed for the attenuation of CAHs in groundwater at the RFETS. The
calculations were performed using the one-dimensional (1D) method of Buscheck and Alcantar (1995).
This method likely overestimates the true biodegradation rate (Zhang and Heathcote, 2003) but is suitable
for estimating biodegradation rates. Uncertainty concerning the dimensions and location of contaminant
source areas precludes the application of more sophisticated methods.

The Buscheck and Alcantar 1D method requires that a plume be at steady-state during the time period

-evaluated, otherwise the computed rate constant will be.an-approximation of the actual biodegradation

rate. Thirty-five biodegradation rate constants were computed for plumes of individual CAH compounds
that were predicted to be at steady-state. The mean biodegradation half-lives for specific CAH chemicals
in groundwater at the RFETS calculated using this method are 1,1-dichloroethane (1,1-DCA) 30.3 years,
TCE 22.4 years, 1,1,1-TCA 15.9 years, PCE 10.8 years, cis-1,2-dichloroethene (cis-1,2-DCE) 10.4 years,
MC 8.1 years, 1,1-dichloroethene (1,1-DCE) 3.0 years, and CF 0.8 years.

Comparison of CAH biodegradation rates for RFETS with other chlorinated solvent contaminated sites
indicates that the RFETS rates are at or near the low end of published biodegradation rate constants. Rate
statistics compiled from published field and laboratory biodegradation rate studies (Aronson and Howard,
1997) indicate that the mean biodegradation rates for these other sites are higher. The mean CAH
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biodegradation rates at the RFETS are less than 1, except for CF at 2.65 per year. For example, the non-
RFETS CF mean biodegradation rate is 29.2 per year, 11 times faster than those calculated for the
RFETS. The non-RFETS PCE biodegradation rate is 9.86, about 143 times faster than the mean
biodegradation rate at the RFETS. The non-RFETS TCE biodegradation rate is 4.02, about 12 times

‘faster than the RFETS’ mean biodegradation rate. Assuming that 1,2-DCA decays at a similar rate to 1,1-

DCA, then the non-RFETS mean biodegradation rate is 2.78, about 9 times faster than 1,1-DCA
biodegradation rates at RFETS. Comparison of the estimated CT biodegradation rate of 0.163 per year at
the RFETS to the non-RFETS rate of 124 per year, indicates that the Site rate is about 760 times less than
the non-RFETS sites.

Biodegradation rate constants computed using the 1D method of Buscheck and Alcantar (1995) are
believed to overestimate the true rate constant by up to 65% in comparison to a more rigorous 3D method
(Zhang and Heathcote, 2003). Thus, the true biodegradation rates at RFETS are likely to be even less
than those reported here (Tables 5-6 and 5-7).

Another line of evidence demonstrating CAH natural attenuation in groundwater at RFETS is a decrease
in CAH mass over time. The total CAH mass per liter of groundwater was computed for two time
periods, 1992-1993 and 2002-2003. Possible seasonal concentration effects were reduced by averaging
the CAH concentrations within each two-year period. If natural attenuation is occurring, a large decrease
in contaminant mass should be observed between the time periods.

A total of 122 wells had sufficient data to compare the potential CAH mass loss between the two periods.
CAH mass decreased during the decade at 91 monitoring wells indicating that natural attenuation is
occurring at those wells. The average mass decrease was 14.0 uMoles/L per well. The remaining 31
wells showed no evidence of natural attenuation, but instead showed increases in CAH mass. The
average mass increase at these wells was small at 3.5 pMoles/L per well. If the contaminant mass
changes at all 122 wells are summed, the net change is an overall loss of 1,169 uMoles, or 9.6 uMoles/L
per well. This is evidence that on a site-wide basis, CAH plumes at RFETS are undergoing natural
attenuation. The overall mass loss is actually a rate, 9.6 pMoles/L per decade at each well. Therefore,

- the Site-wide average “mass-attenuation rate” for CAHs in groundwater at-the Site is 0.96 uMoles/L/yr.— -

Ratios of the cis and trans stereoisomers of 1,2-DCE have been used in the published literature as a
qualitative indicator of biodegradation. Commercial solvents are a mixture of cis- and trans-1,2-DCE. In
contrast, biologic al processes (biodegradation) produce mainly cis-1,2-DCE (EPA, 1998). The cis/trans
ratio is typically greater than 25 to 1 in groundwater where biodegradation is actively occurring. The
cis/trans ratio was computed for each well and sampling event at the RFETS with detectable isomer
concentrations. Although some wells have low ratios, most wells had high ratios between 26 and 684,
suggesting that CAH biodegradation is occurring in those areas.
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Sampling and analysis of Site groundwater during the Snapshot Sampling Program (completed in August

- 2003) generated data that provide a current picture (or Snapshot) of the distribution of CAHs in

groundwater at the RFETS. This report includes two sets of plume maps based on the Snapshot data that
show the spatial distribution of the concentrations of individual CAH compounds in Site groundwater
during 2002-2003 relative to Tier I and II groundwater action levels. Snapshot data indicate that six CAH
plumes presently occur in groundwater at RFETS at concentrations exceeding Tier I groundwater action
levels. These plumes include CT, CF, PCE, TCE, 1,1-DCE, and VC. The word plume in this context,
refers to the mapable extent of a single chemical dissolved in groundwater at concentrations greater than
the relevant action level, regardless of the number of source areas.

In summary, this report evaluated various lines of geochemical evidence bearing on the extent and rates
of natural attenuation processes operating in groundwater at the RFETS. The overall conclusion is that
biodegradation'of CAHs dissolved in groundwater occurs locally in the IA and East Trenches area.
However, the estimated biodegradation rates are very slow, occurring near the low end of the range of
rates published for other sites. These low biodegradation rates make it difficult to demonstrate that
Monitored Natural Attenuation (MNA) is a practical groundwater remedial option for the RFETS.
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ACRONYMS & TERMS

Used:to refer to chemical reactions that occur without the involvement of
MiCroorganisms.

The anion of the dissociation of acetic acid (CH;-COOH). Acetic acid may be
produced in groundwater environments by the hydrolysis of 1,1,1-TCA. Thus,
the acetate ion is a daughter product of the dechlorination of 1,1,1-TCA.

An aerobic groundwater environment is one that contains measurable dissolved
oxygen. The usual detection limit is about 0.1 mg/L.

A class of hydrocarbon compounds including the alkane, alkene, and alkyne
families. See also CAH.

Total groundwater alkalinity is the sum of all aqueous chemical species that are
titrateable with strong acid to a pH near 4. In most groundwaters, bicarbonate
ion is the major component of the measured alkalinity.

A family of open-chain hydrocarbons containing only carbon-carbon single
bonds, e.g. ethane (CH;-CH;). Cyclic alkanes are not considered in this report.

A family of open-chain hydrocarbons characterized by one carbon-carbon double
bond, e.g. ethene (CH,=CHy,). Ethene is also called ethylene.

A family of open-chain hydrocarbons characterized by one carbon-carbon triple
bond, e.g. acetylene (CH=CH). Acetylene is also called ethyne.

Describes a geochemical environment in which oxygen is absent (or has a
concentration below the detection limit).

determined in the field or by a laboratory.
A synonym for anaerobic.

Refers to chemical reactions in water. For example, “aqueous solubility” is the
solubility of a compound in water.

See porous medium.

Kaiser-Hill Analytical Services Division. This group establishes procedures and
contracts that govern the analysis of groundwater samples collected at the
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RFETS, and the subsequent verification and validation of the analytical data.

" ASD is also responsible for entering and maintaining the data in SWD.

RFETS building number, e.g., B-771 is Building 771.

Background mean + two standard deviations. These values are calculated on a
site-wide basis for analytes.

Microbiologically-mediated conversion of one compound into another. In the
case of CAHs, successive stages of biodegradation produce progressively
simpler, lower molecular weight daughter products (see Decay Chain).

A rate constant that isolates and quantifies the rate at which biodegradation
reactions are occurring, exclusive of all other natural attenuation processes, such
as advection, sorption, volatilization, dilution, etc. This report follows standard
practice of modeling biodegradation rate constants as a first-order reaction rate
process. The biodegradation rate is often designated as lambda, A. In this report

A has units of per year.

Benzene, toluene, ethylbenzene and xylene isomers usually found dissolved in
groundwater contaminated by gasoline spills.

Chloroethane, or ethyl chloride, CH;-CH,Cl, is the daughter product of the
reductive dechlorination of 1,1-DCA, and the second daughter of the 1,1,1-TCA
decay chain. CA in tum decays to ethanol or ethane.

Chlorinated aliphatic hydrocarbon. CAHs relevant to this report include
chlorinated straight-chain members of the alkane and alkene hydrocarbon
families of organic compounds. Technically, CAHs also include the alkyne
family.

Dissolved carbon dioxide associates with water molecules to form carbonic acid,

" H,COs, which partially dissociates (depending on the pH) to the ions bicarbonate

HCOy’, and carbonate CO;”. Bicarbonate is usually the main component of
measured alkalinity in natural groundwaters.

Chemical Abstracts Service assigns a unique number to identify analytes that
may have multiple chemical names. The registry number is called a CAS
Number.

Colorado Department of Public Health and Environment

CH;-CHCIOH, forms from the aerobic biodegradation of 1,2-DCA.
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CF Chlorofdrm, or trichloromethane, CHCl,, is the ﬁmt daughter of the CT decay
series. '

cis- Refers to the cis- isomeric configuration of an organic compound.

CLP Contract Laboratory Program (or Procedures) developed by EPA.

CM Chloromethane, or methyl chloride, CH;Cl, forms from the dechlorination of

MC, and is the third daughter of the CT decay chain.
COoC Contaminant of concern.

CT Carbon tetrachloride, or tetrachloromethane, CCL, is an important solvent used at
the RFETS, and the parent molecule of its decay chain. '

D Migration distance of a contaminant carried by groundwater from a source area
downgradient along a flowpath towards its discharge point. D is used as the
parameter on the horizontal axis of many charts included in this report.

Daughter Daughter compounds are formed initially by the degradation of a parent
compound, and then by successive degradation of earlier daughters in a decay
chain. Daughters may be referred to by generation as the first daughter, or
second-generation daughter, etc.

D&D Decontamination and decommissioning

DCA Dichloroethanes in general, including: 1,1-DCA and 1,2-DCA. 1,1-DCA is the

more common isomer in the RFETS groundwater and is the first daughter of the '

dechlorination of 1,1,1-TCA.

DCE Dichloroethenes in general, including: cis-1,2-dichloroethene (CHCI=CHCI),
trans-1,2-dichloroethene; and 1,1-dichloroethene (CH,=CCl,). All three DCE

is the most abundant daughter produced by biodegradation of TCE, and cis-1,2-
DCE is the second daughter of the PCE decay chain. A further complication is
that 1,1-DCE is also a potential first daughter of 1,1,1-TCA.

Decay Chain Several common chlorinated solvents tend to degrade from the parent compound
through a series of progressively less chlorinated daughter compounds. This
. progression is a type of decay chain analogous to radionuclide decay chains.

Dechlorination Describes chemical reactions in which chlorine atoms are removed from a CAH
molecule.
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Dense non-aqueous phase liquid. Refers to halogenated hydrocarbon solvents
that are denser than water. DNAPLSs like carbon tetrachloride, have a limited
solubility in groundwater, and are sometimes found as a separate liquid phase in
an aquifer or monitoring well.

Dissolved oxygen concentrations measured in groundwater during sampling.
United States Department of Energy

Data Quality Assessment as used in this report focuses on evaluations of the
PARCC parameters.

DUP is a SWD code identifying data describing field duplicate samples. In this
report DUP refers to data describing a duplicate groundwater sample collected in
the field and associated with a REAL sample. '

Numbers may be expressed in scientific notation as powers of ten, using E to '
represent 10 raised to the exponent. For example, 3.14E5 equals 3.14 times 10° ,
or 314,000. In this example, the exponent was 5. Negative exponents are also
used to indicate small values.

The voltage of a groundwater or aqueous chemical solution measured between a
platinum electrode and a reference electrode and then related to the standard
hydrogen half-cell potential. ORP measurements may be converted to Eh if the -
type of reference electrode used, its filling solution, and the measurement
temperature are known. Eh is theoretically related to the aqueous concentrations
or activities of electroactive ions in solution by the Nernst Equation.

United States Environmental Protection Agency.

Ethane (C2H6) is a daughter of the dechlorination of chloroethane, and is a third

A two-carbon alcohol, CH;-CH,OH, produced by the hydrolysis of chloroethane
in groundwater.

Ethene (C;H,) is usually produced in groundwater by dechlorination of VC. This
makes ethene the fourth daughter of PCE decay, or the third daughter of TCE
decay. It is also possible for ethene to be produced as a daughter of 1,2-
dichloroethane.

East Trenches Plume Treatment System
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Biodegradation reactions are usually modeled as a first-order decay process. If
C° is the initial concentration of a chemical, and t is elapsed time, and k is the
first-order rate constant, then the concentration at any time t is, C= C° e

The fraction of organic carbon by weight in a soil.

An analytical method for organic compounds that combines gas chromatography
(as a separation method) with mass spectrometry (as a detection method).

The chemical half-life, or time (usually in years) required for one-half of the
initial concentration of a CAH to degrade or chemically transform mto other
compounds and aqueous species. Biodegradation rate constants and other types
of rate constants may be expressed in terms of chemical half-lives. This usage is

~ analogous to the half-life of a radionuclide transforming into a different element.

Historic mean plus 2 standard deviations. Each value is calculated from
historical analytical data for a specific analyte in a specific well.

An Individual Hazardous Substance Site, numbered for identification.

RFETS Integrated Monitoring Plan, which describes in general terms the
components and objectives of the groundwater monitoring program, and how
groundwater data will be collected, evaluated and reported. The IMP is updated
annually and contains the list of wells in the monitoring program. The IMP also
specifies the chemical suites that are analyzed at each well.

The RFETS IMP Background Document, which describes specifics of the
groundwater program, and describes the well classes and how groundwater
quality data will be collected, interpreted, and reported in compliance with
RFCA. ' :

Bulk attenuation rate constant determined for a specific time interval from a plot

—of natural log of analyte concentration  versus distance along-a-contaminant

flowpath. Positive rates indicate that natural attenuation is occurring along the
flowpath. The units of K, in this report are per year.

The partition coefficient or distribution coefficient in ml/g, is the equilibrium
ratio of the mass of a chemical sorbed on a solid phase, to its concentration in
aqueous solution. Commonly used as a simple approach to modeling chemical
adsorption by soils.
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The distribution coefficient in ml/g, describing the adsorption of an organic
chemical from aqueous solution to a substrate of organic carbon in soil. Used
with . to estimate Ky values for CAHs.

Point attenuation rate constant determined for a specific location (single
monitoring well) from a plot of natural log of analyte concentration versus
elapsed time. Positive rates indicate that natural attenuation is occurring in
groundwater near the well. The units of K,, in this report are per year.

Kaiser-Hill, LLC the contractor engaged by the DOE to close the RFETS.

This coolant, as used at RFETS, was a mixture of 70% hydraulic oil and 30%
carbon tetrachloride, probably mixed by volume. Density calculations suggest
that it should behave as a DNAPL.

Laboratory control sample. A type of QC sample that originates in the analytical
laboratory. :

Line-item-code (LIC) is assigned by ASD to identify specified analyte suites,
analytical methods, and required detection limits.

Natural log of the concentration of an analytes’ concentration. Commonly used
as the vertical axis variable on time series plots that were constructed to provide
attenuation rate information.

Light non-aqueous phase liquid. LNAPLSs are less dense than water and often
float on top of the groundwater table. Gasoline and jet fuel are examples of
LNAPLs.

Methylene chloride, or dic hloromethane, CH,Cl,, forms from the biodegradation
of CF and is the second daughter of the CT decay chain.

- Maximum-contaminant level. — - — oo -

Methane, CH,4, may be produced by the reductive dechlorination of
chloromethane. Methane is the fourth daughter product of the CT decay chain.

Methyl alcohol, CH;OH, is (like methane) potentially the fourth daughter product
of the CT decay chain. Methanol is produced by the hydrolysis of
chloromethane.

Milligram per liter.

A concentration in micromoles (uMoles) of a compound per liter of water.
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The biodegradation literature uses this term to denote the final breakdown (or
mineralization) of an organic molecule, such as vinyl chloride, into inorganic end
products like carbon dioxide and water.

Monitored natural attenuation, a potential remedial option for groundwater
contaminated with CAH compounds.

Mound Site Plume Treatment System

Non-aqueous phase liquids in the general sense. May be mixtures of chlorinated
solvents, or mixtures of solvents and hydrocarbons of unknown density but likely
occurring as a separate phase. '

Oxidation-reduction potential measured on a groundwater sample as a voltage
between an inert platinum electrode and a reference electrode, usually of
Ag/AgCl. Tt is normally reported in millivolts. See also Eh.

Parent compounds, or primary compounds refer to the nondegraded solvent
compounds that were originally released to soil and groundwater. For example,
the parent carbon tetrachloride degrades to daughter compound chloroform.

Perchloroethane, e.g., 1,1,1,2-PCA, a potential parent of 1,1,2-TCA.

Tetrachloroethene, or perchloroethylene, CCL=CCl,, was an important solvent

used in industrial operations at RFETS and is the parent molecule of its decay
chain. One solvent brand used at RFETS was called Perclene.

Plume is used in this report to denote a mapable area of groundwater in which the
concentration of a single CAH exceeds its action level or a water quality
standard. A plume may be derived from dissolution of CAHs from a single area
of soil contamination, or from multiple source areas. The plumes discussed in
this report are usually bounded by concentrations at the Tier II or I groundwater

action level. ’ ' - T o

A hydrologic term for the soil, unconsolidated sediments, or porous rock through
which groundwater slowly flows. It is also called the aquifer matrix.

Plume signature area, a local area of RFETS defined for modeling purposes
where groundwater contains detectable concentrations of one or more chlorinated
solvents. A PSA “is the result of the signature left behind by a plume or a
number of plumes associated with a single source or a combination of sources in
the same vicinity” (K-H, 2003b). Each of more than two dozen PSAs identified
at the RFETS has been assigned an integer identification number.
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The chemical symbol for plutonium is Pu.

Quality control, as in a QC sample generated for quality control purposes.
Resource Conservation and Recovery Act

Reductive dechlorination, the most important anaerobic biodegrédation process.

REAL is a SWD code identifying primary or real samples, as opposed to QC
samples. In this report, REAL refers to data describing the primary groundwater
sample collected at a well or building drain during a sampling event.

A geochemical term for oxidation-reduction reactions. A characteristic of redox
reactions is that they may be broken into separate oxidation and reduction haif-
reactions involving electron transfer.

Rocky Flats Cleanup Agreement, a legal agreement between CDPHE, U.S. EPA,
and U.S. DOE.

Rocky Flats Environmental Technology Site

A QC sample generated by pouring clean deionized water over or through
sampling equipment that was previously decontaminated. Analysis of rinsate
samples (RNS) may indicate cross-contamination due to incomplete or improper
decontamination procedures.

A SWD code identifying data describing a rinsate sample.

A CAH contaminant source area is the geographic location and extent of a CAH
spill, or leaking underground tank, or area of leaking solvent drums that may
dissolve in groundwater migrating through the area.

A plume that does not grow or shrink substantally during a specified period of

observation. Chapter 5 of this report considers plumes to be at steady-state when

their predicted and measured plume lengths agree within 25% during a
measurement period.

A sulfidic redox environment describes groundwater that contains measurable

_hydrogen sulfide (H,S). The microbially-mediated process of sulfate reduction

often produces sulfidic environments.

A SWD code indicating analytical data for surrogate compounds.
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Any of a set of distinctive compounds that do not occur in nature and are not
normally found in environmental samples. Analytical procedures for VOA and
SVOA analysis often require one or more surrogates to be spiked into samples
prior to their analysis, as a quality control check. SUR data are reported by the
laboratory and may be used in data validation.

Semivolatile organic ahaiyte.

The Soil Water Database maintained by Analytical Services Division of Kaiser-
Hill. It is the official environmental database for RFETS.

. Uppercase T or lowercase t is frequently used to denote elapsed time since a

reference date, or since time zero (T, or tp).

Trichloroethanes in general, 1,1,1-trichloroethane (CH;-CCh), and 1,1,2-
trichloroethane (CHCL-CH,Cl). 1,1,1-TCA is the more common TCA isomer in
groundwater at RFETS and is the parent of a decay series. It decays mainly to
1,1-dichloroethane, or to acetic acid (acetate ion), but a fraction may decay to
1,1-dichloroethene.

Trichloroethene, CHCI=CC},, is a manmade industrial solvent that was used at
RFETS and is the parent of its own decay chain. TCE, however, is also the first
daughter product in the dechlorination of PCE. Thus the origin of TCE
concentrations in groundwater is not always certain.

Total dissolved solids
Tentatively identified compound

Analyte-specific action level for groundwater at RFETS. It is defined in RFCA.
Tier I is defined as 100 times the Tier II action level.

~Tier II action-levels are defined-in RFCA. They based-on the CDPHE basic. . _-

standards for groundwater and are generally equivalent to maximum contaminant ;
levels (MCLs). Tier II action levels are intended to protect surface water quality
at the RFETS. Tier II values are used as natural attenuation goals in this report.

Total organic halide concentrations in groundwater analyzed by EPA method
9020 or a similar method. TOX detects CAHs containing chlorine, bromine or
iodine, but not fluorine. TOX analyses are usually reported as pg/L chloride.

Total petroleum hydrocarbons

Review Exemption CEX-105-01

XXxiil



04-RF-00358

trans- Refers to the trans- isomeric configuration, usually of halogen atoms on opposite
sides of a carbon double bond.

pg/L Microgram per liter.

uM Micromolar, meaning micromoles per liter of water.

uMole Micromoles, 10 moles of a compound. A mole contains the Avogadro number
of molecules, and may be converted to mass by multiplying by the molecular
weight.

vC Vinyl chloride, or chloroethene, CH,=CHCI, is produced naturally by
dechlorination of any of the DCE isomers. VC can be thought of as the third
daughter of PCE decay, or the second daughter of TCE decay.

VOA Volatile organic analyte. CAHs are volatile organic analytes analyzed from
groundwater sampled and shipped in VOA vials.

VOC Volatile organic compound, a synonym for VOA.

VOC Plume A contaminant plume of VOC compounds dissolved in groundwater.

V&V Validation and verification of environmental quality data

> Value on the left is greater than the value to the right of the > symbol.

< Value on the left is less than the vahe to the right of the < symbol.

A Lambda, the biodegradation rate constant.

= Means similar to, or nearly equal, when used to equate two parameters.

o 'Multiplication‘ symbol.
1D One-dimensional, as opposed to 2D or 3D.
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1 INTRODUCTION

This report presents evidence of the extent of natural attenuation processes reducing the concentrations of
CAHs found in groundwater at RFETS. It uses available groundwater quality data to estimate the rates of
natural attenuation. The report also uses a number of geochemical lines of evidence to evaluate the
occurrence of biodegradation at RFETS.

The report consists of eight (8) sections. Section 1, Introduction, and Section 2, Objectives, introduce the
report and the reasons for performing this evaluation. Section 3 Methods, explains the evaluation
strategy, reviews natural attenuation processes, and discusses the “lines of evidence” to be used to
evaluate the natural attenuation of CAHs detected in groundwater at RFETS. Section 3 discusses the
types and sources of water quality data used in this investigation. A general conceptual model is also
presented in Section 3. Section 4 briefly describes the hydrogeologic setting of the IA at RFETS and its
surroundings. Section 4 also discusses how, when, and where chlorinated solvents were used in industrial
processes at the RFETS and potentially released to the environment. Section 5 presents the
interpretations of data describing the rates and extent of natural attenuation of CAHs in groundwater at
the RFETS. Sections 6 and 7 present the conclusions and references, respectively. Appendices A through
I provide supporting calculations and other documentation of the evaluation. The appendicies are included
on a compact disk (CD) in the pocket at the back of the report.

The report does not attempt to fully address the requirements of the EPA OSWER Directive on MNA
(EPA,1999a). It does not address the potential applicability of MNA as a groundwater remedial option at
RFETS. If this report demonstrates that natural attenuation is operating at reasonable rates, then a logical
next step may be to evaluate MNA as a groundwater remedial action at RFETS.
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2 OBJECTIVES

The main objective of this evaluation is to determine the extent of natural attenuation processes occurring
at the RFETS that naturally reduce the concentrations (or mass) of CAHs dissolved in groundwater. This
work is intended to provide the following support: '

¢ Provide an assessment of natural attenuation rates to assist DOE in strategic planning for
groundwater remediation and Site closure;

¢ Provide an evaluation to assist the K-H Water Monitoring and Compliance Program (WMCP) in
its periodic rescoping of groundwater monitoring requirements at RFETS and in planning for Site
closure;

e Support K-H Environmental Restoration (ER) personnel in evaluating and designing accelerated
actions for groundwater contaminated with CAHs; and

* Provide biodegradation rate constants to support the on-going CAH contaminant transport
modeling.

This evaluation also examines the spatial distribution and concentrations of CAHs through time in Site
groundwater. The investigation is based on historical groundwater analytical data collected between 1986
and August 2003 to satisfy a wide variety of data quality objectives (DQOs). Many of these DQOs
pertained to data collection for characterization of CERCLA Operable Units during the early 1990’s, or
for detection and monitoring of a wide'variety of potential contaminants in Site groundwater. Only a
small pércentage of these groundwater analytical data was originally collected for the purpose of
evaluating natural attenuation,
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3 EVALUATION SCOPE, STRATEGY, AND METHODS

This section discusses the scope, strategy, and methods used to deveiop the CAH natural attenuation
evaluation. The evaluation is based on the applicable groundwater analytical data retrieved from the Soil
and Water Database (SWD). SWD is the official repository of environmental data for the RFETS. Post-
processing of the retrieved data is also discussed in this section.

3.1 Evaluation of Natural Attenuation - Scope and Strategy

This evaluation considered the natural attenuation of CAHs and their degradation products on a Site-wide
basis and in selected contaminated areas of interest, termed plume signature area (PSAs), defined by K-H
(2003b). A PSA is defined as “the result of the signature left behind by a plumé or a number of plumes
associated with a single source or a combination of sources in the same vicinity.” The occurrence and
quantification of natural attenuation was demonstrated using various lines of evidence presented in the
literature and calculations using Site-specific groundwater quality data.

3.1.1 Analytes of Interest

The most widespread and geochemically significant CAHs found in groundwater at the RFETS were
evaluated. These constituents include CAHs that were widely used as industrial solvents, degreasers, and
cleaning agents. Additional CAHs have been analyzed, but not detected in Site groundwater, and thus,
are not discussed further. Analytical data for these additional CAHs are presented in Appendix H.

CAHs are defined in this report as chlorinated derivatives of the saturated alkane and unsaturated alkene
families of hydrocarbon compounds (Hart and Schuetz, 1966). Technically, CAHs may include the
alkyne family and chlorinated cyclic compounds like cyclopentyl chloride (Rittmann etal, 1992).
However, the CAH compounds of interest in this evaluation include chlorinated, one to four carbon,
straight-chain alkanes and alkenes. Note that CAHs specifically exclude aromatic hydrocarbons with one

or more benzene rings, like chlorobenzene and-polychlorinated-biphenyls (PCBs).- This report-does-not.. - . .-

consider halogenated hydrocarbons containing fluorine, bromine, or iodine.

Common CAHs used at the Site include carbon tetrachloride (CT), tetrachloroethene (PCE),
trichloroethene (TCE), and 1,1, 1-trichloroethane (TCA). This evaluation is concerned with the
degradation of these parent solvents into molecularly lighter degradation products, called daughter
products. The daughters are also CAHs. Common daughter CAHs include dichloroethene isomers
(DCE), vinyl chloride (VC), chloroform (CF), and methylene chloride (MC). CAH daughter products
eventually degrade into simple organic molecules (e.g., metabolic byproducts like ethane and methane)
and inorganic substances, such as chloride and bicarbonate. A host of other organic and inorganic
analytes and field parameters were also examined to understand the geochemical environment and
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degradation of the CAHs. Of particular interest are analytes that may indicate groundwater redox
conditions, such as dissolved oxygen (DO), oxidation-reduction potential (ORP), nitrate, sulfate, sulfide,
ferrous iron, and total dissolved iron.

Indicators of fuel spills (e.g., benzene, ethylbenzene, xylenes, toluene, and total petroleum hydrocarbons
(TPH)) are also of interest since they may assist in the biodegradation of CAHs. Other potential
contaminants at the RFETS, such as radionuclides, PCBs, pesticides, herbicides, most semivolatile
organic compounds, and most metals are not relevant and were not considered in this evaluation.

Groundwater quality data for the above-mentioned analytes of interest were available from 705
monitoring wells and drains located within the IA and adjacent areas. Figure 3-1 shows the area
evaluated and the locations of the 705 wells. A CAH plume in the PU&D Yard (north of the 1A) was not
considered because it is undergoing enhanced bioremediation. The Present Sanitary Landfill was also not
evaliated because it lacks a well-defined extemal CAH plume.

3.1.2 Areas of Interest

Dissolved CAHs have been measured in groundwater at more than two dozen PSAs. Most PSAs lie
within the IA or on adjacent property, such as the East Trenches area. K-H (2003b) performed initial
screening of the PSAs and ranked them by their importance to on-going fate and transport modeling. This
report evaluates natural attenuation on a site-wide basis and then examines the 7 most important PSAs .
(numbered 2, 3, 5, 7, 10, 12, and 14) identified by K-H (2003b). The original PSA numeric designations
are used throughout this report, although subsequent revision of the VOC Transport Modeling Report (K-
H, 2003b) may have re-numbered the PSAs.

The rectangular outlines of these seven PSAs evaluated are shown on Figures 3-1 and 3-2. The main
purpose of Figure 3-2 is to identify selected groundwater flowpaths labeled A, B, or C in each PSA that
were used to evaluate the groundwater quality data and provide interpretations as to whether natural

_ attenuation is occurring at the site. These ﬂowpaths are approxnnate and vary somewhat w1th annual and

seasonal changes in the water table..

3.1.3 Lines of Evidence Demonstrating Natural Attenuation

This section explains lines of evidence for quantifying the extent of natural attenuation, and specifically
of biodegradation at RFETS, as they provide the framework for the data interpretations in Section 5.
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Lines of evidence used to evaluate the natural attenuation of organic compounds in groundwater include
the following (Wiedemeier et al., 1995, 1997, and 1999):

e Historic trends in contaminant concentration data may show plume stabilization over time. The
plume should not be growing in extent and primary contaminants should not be increasing in
concentration;

¢ Plume stabilization may be evaluated by making isopleth maps (discussed below) of historic
contaminant concentrations in groundwater. Maps representing different time periods may be
visually compared. Alternatively, statistical methods (e.g., the Mann-Whitney U test, also called
Wilcoxon rank-sum test) have been used in published literature to demonstrate plume
stabilization at some non-RFETS sites. Experience has shown that visual evidence (maps and
graphs) is more readily accepted by stakeholders than the numeric results of a statistical method,;

¢ Analytical data may be used to demonstrate that the geochemical environment is suitable for
biodegradation to take place and/or that biodegradation has occurred. Suitable evidence includes
various two and three-dimensional charts and maps of the data that demonstrate:

- Decreasing downgradient concentrations of parent compounds, for exarﬁple CT
or PCE;

- Increasing downgradient concentrations of daughter compounds, for example
chloroform and methylene chloride (CT daughters);

- Increasing downgradient concentrations of metabolic by-products, for example,
chloride ion;

- Local depletion (relative to unimpacted groundwater) of electron acceptors
(oxidants). Example oxidants include dissolved oxygen (DO), nitrate, Fe(III),
Mn(IV), sulfate, PCE, and TCE; and

-~ »= = Local accumulatioh of electron donors (reductants). Example reductants include
sulfide ion, Fe(II), and Mn(II).

e The overall impact of natural attenuation processes at a given site can be assessed by evaluating
the rate that contaminant concentrations are decreasing either spatially or temporally (Newell et
al., 2002). Analytical data for parent CAHs and their daughter products may be used to estimate
several types of first-order attenuation rate constants. Use of site-specific rate constants for
evaluating natural attenuation has been endorsed by guidelines issued by EPA (1999a) and the
American Society for Testing and Materials (ASTM, 1998). Derivation and use of these
constants in evaluating natural attenuation is discussed later in this section;
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e If sufficient well control and groundwater analytical data exist, it may be feasible to demonstrate
a loss of contaminant mass over time;

e Analytical or numerical solute transport models may be used to test the relative influences of the
attenuation processes (e.g., sorption, dispersion, biodegradation, dilution, etc.) on the transport of
the parent and daughter contaminants in migrating groundwater. A well-calibrated model may
be able to reproduce the approximate extent, shape, and chemistry of an existing plume from
historical contaminant source area information; and

e Microcosm investigations may demonstrate that the porous medium and groundwater at a site
contains suitable bacteria for biodegradation of the contaminants and can support biodegradation
at a reasonable rate. Wiedemeier et al. (1999) stated that “microcosm studies should only be
undertaken when they are absolutely necessary to obtain biodegradation rate estimates that could
not be obtained using the other lines of evidence or when the specific mechanism of degradation
is not known.” Microcosm studies have not been performed on environmental media at RFETS.

The following sections discuss in detail the specific lines of evidence that are applied in this evaluation.

3.1.3.1 Wiedemeier Biodegradation Screening System

A ranking system, referred to as Wiedemeier scores, has been developed as a screening tool to quickly
assess subsurface biodegradation potential (Wiedemeier et al., 1997; EPA, 1998). This system is based

on the following generally accepted concepts:

e Specific geochemical environments are required for biodegradation to occur at an appreciable
rate; and

¢ Biodegradation reactions cause predictable changes in groundwater chemistry (EPA, 1998).

compared and assigned points according to criteria found in Table 3-1. Minor differences in scoring exist
between the two documents that describe this system (Wiedemeier et al. 1997; EPA (1998)). Table 3-1
indicates how scoring was performed for the present investigation. Criteria presented in Table 3-1 are
based on Wiedemeier et al. (1997) and EPA (1998).

Note that point scores based on Table 3-1 ma);_ be biased low because RFETS lacks analytical data for the
following parameters, which are typically included in a Wiedemeier score:
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Table 3-1 Wiedemeier System for Screening Biodegradation Potential

Points
Analyte Concentration Interpretation Awarded
Dissolved oxygen is tolerated below 0.5 mg/L.
Dissolved Oxygen <0.5 mg/L Higher concentrations suppress reductive 3
dechlorination.

. Vinyl chloride can be aerobically oxidized, but ;
Dissolved Oxygen >1.0 mg/L reductive dechlorination is suppressed. 3
Nitrate and/or <1 mg/L At higher concentrations nitrate competes with 2
Nitrate/Nitrite the CAH reductive pathway.

Ferrous Iron (Fe®*) >1 mg/L Indicates a reductive pathway is possible 3
At high concentrations it may compete with the
Sulfat <20 mg/L 2
uate M8 CAH reductive pathway.
Sulfide >1 mg/L Indicates a reductive pathway is possible 3
Methane >1 mg/L Vinyl chloride may accumulate 3
Methane is produced by methanogenesis and is
Methane >0.1 and <1 a daughter product of the complete reductive 2
dechlorination of carbon tetrachloride.
Oxidation Reduction <50 mV Indicates a reductive pathway is possible 1
Potential (ORP) (Ag/AgCl) patiway isp
Oxidation Reduction . . . .
Potential (ORP) <-100 mV Indicates a reductive pathway is possible 2
Field-Measured pH <5or>9 Outside tolerated pH range 2
DOC or TOC >20 mg/L Carbon.and' energy source supporting 2
dechlorination
Groundwater >20°C Reaction rates are accelerated above 20°C 1
Temperature i
Total Alkalinity . Reductive dechlorination results in increased
(as CaCQ3) >2 times background alkalinity. . !
Chloride >2 times background Chloride ion is a product of the dechlorination 2
of CAHs.
Benzene, toluene, xylenes and ethylbenzene
BTEX >0.1 mg/L from gasoline spills are a carbon and energy 2
source for bacteria.
Although TCE was used at RFETS, it is
Trichloroethene Detected” || assumed (for scoring purposes) thatthe | 2-
detected TCE is a daughter of PCE. If it was
manmade TCE it would get no points.
DCE (cis- or trans-) Detected Assumed to be daughters of TCE 2
Vinyl Chloride Detected DCE daughter product 2
Ethene or Ethane >0.1 mg/L Daughters of vinyl chloride 3
Ethene or Ethane >0.01 mg/L and <0.1 Daughters of vinyl chloride 2
Chloroethane Detected Daughter of 1,1-DCA, or vinyl chloride under 2

reducing conditions
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o Dissolved hydrogen gas (assigned 3 points if >1 nanomolar);
o Volatile fatty acids (2 points if >0.1 mg/L); and

. Dissolved carbon dioxide (1 point if >2 times background).

Wiedemeier scores were developed for the Site using Access queries to compare the individual
constituent concentrations and assign points. Data were grouped across all sampling dates for each
parameter at each well to maximize the available parameters. Minimﬁm, mean, and maximum point
values were then summed from the parameter data for each well. Missing analytical data usually lower
the overall score for a well, although missing negative point values could raise the overall score.

The overall Wiedemeier scores are interpreted at follows (Wiedemeier et al., 1997):

e Negative to 0 points No evidence;

e 1to 5 points Inadequate evidence of biodegradation of CAHs;
e 6tol4 Limited evidence of biodegradation;

e 15t020 Adequate evidence of biodegradation; and

e >20 Strong evidence of biodegradation.

Wiedemeier scores were computed for groundwater quality data at RFETS and are discussed in Section
5.1.1.

3.1.3.2 Rate Constant Review

Several types of first-order rate constants (K) were computed and discussed in this evaluation. K is used

in.the first-order chemical decay equation, C= C,e™", to compute contaminant concentrations (C in pg/L)

at elapsed time T (years). The initial CAH concentration (in pg/L) is C,. K has units of reciprocal time
(T"" or per year). Therefore, the exponent KT is unitless and C has the same concentration units as .Co.
Positive values of K indicate contaminant attenuation via first-order chemical decay. It may be helpful to
express the rate constant in terms of a chemical half-life. For example, a half-life of 10 years means that
the concentration of the chemical should decay to half its initial concentration after 10 years. The rate
constant for this decay can be expressed as a half-life (in years) via the equation, half-life = 0.6931/K.
Note that half-lives and K values are inversely related. Therefore, low K values indicate long half-lives,

while high K values mean short half-lives.
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Figure 3-3 illustrates the above concepts by showing several examples of first-order decay curves. These
curves show various rates that an initial contaminant concentration of 1,000 pg/L will decrease (attenuate)
through time. Each curve is constructed for a different assumed half-life (i.e., decay constant). Note the
inverse relationship between K and half-life. The curve drawn at a 100-year half-life has a low K of
0.007 per year, while the 2-year half-life curve has a large K of 0.347 per year. |

Initial Co= 1000 ug/L —°—Half-life 0.1 yr
—S—Half-life 0.5 yr |

900 "
\ \ —&— Half-life 1.0 yr
' >~ Half-life 2.0 yr
‘ Decay Constant K —¥— Half-life 5.0 yr |]
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700 T —8-Half-life 30 yr
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\
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Figure 3-3 Example First-Order Decay Curves

* The following sections discuss specific applications of first-order rate constants to the present
investigation of natural attenuation and the biodegradation of CAHs. Additional background regarding
rate constants and coupled parent-daughter decay is provided in Appendix I which compares chemical
and radioactive decay processes.

3.1.3.3 Point Attenuation Rate Constants and In C Versus Time Plots

One means of evaluating the efficacy of natural attenuation is to estimate the rates of attenuation
processes and then use these rates to predict the time required to achieve remediation objectives. The
rates of natural attenuation, and particularly of biodegradation, are of great interest to regulators and other
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‘stakeholders. This is particularly true if monitored natural attenuation is proposed as a remedial

alternative for groundwater clean-up.

Charts may be constructed that show how In C of an analyte has changed in groundwater during an
extended time period (T) for a single well (or “point™). Because changes through time are of interest and
natural attenuation of CAHs occurs slowly, many years of monitoring data are desirable. Concentration
data used to construct these charts are obtained from periodic sampling and analysis of groundwater at
wells within a CAH plume.

This report refers to these charts as In C-vs-T plots. They are a specialized type of time-series plot. CAH
concentrations often plot along a straight line on In C-vs-T plots. The slope of this line can be related to a
first-order decay process. Biodegradation typically obeys a first-order rate law-which means that decay
rates are proportional to the log of the available contaminant concentration (Brady et al., 1999).

Constants derived from In C-vs-T plots are called K, or point attenuation rate constants. The value and

use of these rate constants is discussed below:

e Point attenuation rate constants indicate how a contaminant concentration changes with time at an
individual well. Positive constants indicate decreasing concentrations through time, while
negative constants indicate increasing contaminant concentrations over time;

e K, mainly reflects the change in source strength over time, but also includes effects from other
natural attenuation processes operating at and upgradient of the point of measurement (Newell et
al., 2002). In other words, biodegradation is not distinguished from other natural attenuation
processes such as sorption, dispersion, or volatilization. Therefore, K, rates are a lumped
parameter that does not solely represent the rate of biodegradation;

e K, represents the persistence in source strength over time at wells located within the source zone.
It can be used to estimate the time required to achieve a remediation goal or action level at these

e Given sufficient time and a finite source, the concentration profiles of CAH plumes in
groundwater should eventually retreat back towards the source as it slowly decays. In this case,
the life-cycle of the plume is controlled by the attenuation rate of the source and can be predicted
from In C-vs-T plots of data from the most contaminated wells (Newell et al., 2002).

Wells seiected to calcuiate K, rates are usuaily located along or near the axis of a contaminant flowpath.
Wells in the source area with the highest contaminant concentrations may be used to estimate plume
longevity as discussed above. Older wells have a longer history of water quality monitoring and tend to
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show more reliable trends in water quality. Because more than a single concentration value may exist for
an analyte in a well during a single sampling event these data may be averaged.

This report contains numerous In C-vs-T plots showing the natural log of analyte concentration (In C) on
the vertical or y-axis and elapsed time (T) in days on the x-axis. Elapsed days are computed by
examining the date range of the available data and subtracting the date of the oldest groundwater
sampling event (i.e., the reference date) from each of the more recent sampling events. This yields
elapsed days since the well was first sampled.

If a In C-vs-T plot shows a linear trend and contains at least three data points, then a linear regression may
be fitted to the data. According to Newell et al. (2002), the negative slope of this regression line is a first-
order attenuation rate constant (K,) with units of inverse time (i.c., day" or per day). If contaminant
concentrations are decreasing through time, then the slope of the regression line is negative and K, is
positive. If the well is located within the source area, then K, provides an estimate of the contaminant
source strength over time and it can be used to estimate the time required to reach a remediation goal (C,)
at that location (Newell et al., 2002). The time required to reach the remediation goal can be calculated
using T = -In(C,/C;) /K,,, where G is the starting or initial concentration.

Because K, represents a first-order decay process, the decay can also be described in terms of a half-life,
where half-life is equated to 0.6931/K,. If K, has units of per year, then the equivalent half-life has units

of years. Per day units may also be used.

Numerous In C-vs-T plots were constructed for contaminants within the RFETS PSAs. These plots and
their estimated rate constants are discussed in detail in Section 5.

3.1.3.4 Bulk Attenuation Rate Constants and In C Versus Distance Plots

The In C of CAH concentrations may also be plotted versus its migration distance (D) along a
contaminant flowpath from a source area. These plots are termed In C-vs-D charts. Ln C-vs-D plots have

“the useful property that In C data often plot along-a straight line. -The slope-of a fitted regression linecan- . . . . _

be used to estimate a bulk attenuation rate constant (K,) and this slope can be used to calculate
biodegradation rates. The bulk attenuation rate constant has the following properties and uses:

e K, rate constants represent the overall attenuation rate attributed to all natural attenuation
processes operating along the flowpath during a specific time interval. As with K, rates, K, rate
constants also do not distinguish biodegradation from other natural attenuation processes such as'
sorption, volatilization, dispersion, or dilution; ‘
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e K, rate constants are most useful for predicting how far a plume will migrate before a
remediation goal is met. In general, this calculation is performed for specific contaminants of
concern (COCs) usiné data for a specific period. If the mapped plume (or estimated plume length
during the period) already extends beyond its predicted extent, then the plume is expected to
shrink back towards its source in the future. If the mapped plume is shorter than the predicted
extent, then it is expected to continue to migrate (i.e., expand) downgradient. Because of the
uncertainty in a K, estimate, this report considers plumes to be at steady-state (i.e., neither
shrinking or expanding) if their predicted and measured plume lengths agree within £25%;

s Because K, constants can be developed for specific time periods, the extent of the plume can be
predicted and compared with the mapped plume extents for the appropriate period. RFETS has
about 18 years of analytical data for some COCs. Where possible, K, rate calculations were made
for two-year periods to empirically test the accuracy of some predicted plume extents based on
the calculated K, values;

e K, rate constants can also predict the elapsed time required to meet an attenuation goal.
However, K, constants are generally considered superior to K, constants for this purpose; and

¢  Because a source will continue to replenish dissolved COCs, K, rates should not be used to
estimate how long the plume will persist unless the source has been completely removed (Newell
et al., 2002).

Ln C-vs-D plots were prepared to determine bulk attenuation rate constants for individual CAHs in each
of the PSAs of interest during periods with sufficient data. These plots were made by first sketching a
flowpath on the map of the PSA (Figure 3-2) and projecting neérby wells onto the path (using lines drawn
perpendicular to the path and through each well). A starting zero point was assumed at a well in or just
upgradient of the presumed source area. Distances were measured on the map from the zero point,
“downgradient to where each well projected onto the path. These horizontal map distances were converted
into feet and the distance to each well on the path was tabulated in an Access table. The table was sorted
“first by PSA, then by flowpath (1 to 3 paths were defined), and finally by increasing distance along the
flowpath. This table was used in queries to create datasets to construct In C-vs-D plots.

Analytical data for In C-vs-D plots were split into two-year time intervals. These intervals were used to
maximize data availability, average or cancel potential seasonal variations in concentration data, and to
average sampling and analytical variability. Data collected during the time period were averaged at each
well for the analyte of interest. The In C-vs-D plot was then constructed by plotting the natural log of the
mean concentration at each well along the flowpath versus the distance of each well down the path.

A spreadsheet program was used to fit a linear regression line to the In C-vs-D data for each analyte.
When this line is a good fit to the data and has a negative slope, it indicates that the chemical
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concentration is decreasing (per a first-order decay process) as it migrates along the flowpath. This slope
is used, together with other parameters, to estimate K, (Newell et al., 2002).

The In C-vs-D plots were used to determine K, for individual CAHs in each of the PSAs of interest at
various time intervals. The time interval of each plot was fixed at two calendar years to evaluate potential
plume concentration changes through time. The date range of the groundwater quality data at RFETS
extends from 1986 to 2003, a period of approximately 18 years. Time intervals were defined to start on  :
January 1*' of even numbered years and terminate on December 31* of the following odd numbered year.
This divided the data into a maximum of 9 historical time intervals or periods. '

These charts were produced by plotting only detected CAH concentrations because nondeteced data are
of little value in generating attenuation rate constants. If three or more data points (i.e., mean CAH
concentrations at 3 or more wells along the flowpath) were available for the time period and were
reasonably linear on the plot, then a regression line was fitted. The least squares regression line was fitted
using a spreadsheet program.

K, rate were computed by multiplying the negative of the slope of the regression line times the
contaminant velocity (Newell et al., 2002). The contaminant velocity (V) equals the groundwater
velocity (V) divided by the retardation factor (R). UHSU groundwater vebcities representative of each
PSA were obtained from the Final 2002 RFCA Annual Groundwater Monitoring Report (K-H, 2004).

The retardation factor (R) is calculated using R = (p*K4 /n;)+1, where K4 is the partition or distribution
coefficient (Kq), p is the soil bulk density, and n, is the effective porosity (EPA, 1999b). The average
bulk density of UHSU borehole materials is 2.1 g/mL based on analyses reported in the RFETS
Hydrogeologic Characterization Report (EG&G, 1995). The effective porosity of the UHSU was
assumed to be 0.1, which agrees with its usage in the 2001 and 2002 RFCA Annual Groundwater
Monitoring Reports.

K, was estimated using Ky = K, * f,c, where K, is the distribution coefficient for sorption by the organic
~carbon in soil and f;. is the-fraction of-organic carbon in the soil-(Langmuir;1997). K, values for- -—
individual CAHs were selected from a compilation by EPA (1998, Table B.2.1). To be conservative and
minimize solute retardation, the smallest K, was selected when more than a single published value was
available. An average f,. for the UHSU was calculated from 347 measurements of total organic carbon
(TOC) representing 123 boreholes at RFETS. The average f,; value used in this evaluation was 0.00144.

Once K, rates are calculated, they are most useful for predicting the future extent or downgradient
boundary of a plume (Newell et al,, 2002). For this purpose, a contaminant plume is defined as the region
in which concentrations of the CAH dissolved in groundwater equal or exceed the groundwater action
level. Because RFCA established Tier II groundwater action levels for protection of surface water at
RFETS, this report uses the Tier II groundwater action level for each CAH as the goal for natural
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attenuation (CDPHE, DOE, EPA,1996, 2003; K-H, 2000). Appendix G presents Site-specific
groundwater action levels and their use in this report.

The maximum concentration of each CAH on the In C-vs-D plot is assumed to be spatially associated
with a primary NAPL source area or it represents a secondary daughter product generated by
biodegradation. If the upgradient maximum concentration is less than the Tier II action level for the
compound, then the plume is considered to have zero length. In other words, CAH concentrations less
than Tier II do not constitute a contaminant plume in Site groundwater. In this report, the measured
plume length existing during the period of interest is conveniently defined as the flowpath length between
the upgradient maximum concentration and the path distance to the farthest downgradient Tier II
concentration boundary. If the Tier II boundary falls between two downgradient wells with detected
CAH concentrations, the boundary distance is interpolated from inspection of the dataset. If the Tier II
boundary lies beyond the well with the last detected concentration (greater than Tier II), then an estimate
is made of the additional path distance required for attenuation to the Tier I level.

Note that the above plume length definition shortens plumes by a small percentage because it ignores the
segment of plume length between the upgradient Tier II boundary and the well with the maximum
concentration. However, the definition used in this report is convenient for comparing the measured
plume length against the predicted or future plume length.

The travel time (T) required for the maximum concentration (Cy,) to decay to the attenuation goal (C;) is
given by T = -In(C,/C)/K, (Newell et al., 1998). The predicted length (L) of the plume in the future is
then predicted using L = T*V.. L represents the predicted attenuation distance from the well of maximum
CAH concentration to the farthest downgradient Tier II boundary. Note that these path lengths are
theoretical projections that assume that K, remains constant through time, and that no physical barrier or
groundwater discharge area intersects the plume prior to its reaching the full Tier II attenuation distance.

K, values calculated for the Site are discussed in Section 5. These constants were used to estimate plume
behavior in the future to predict if the contaminant plumes will grow, shrink, or remain stable (at steady-

3.1.35 Estiniating Biodegradation Rate Constants

Biodegradation is only one of the chemical, physical, and biological processes operative in the natural
attenuation of an organic contaminant. However, regulators favor processes which destroy contaminants,
and biodegradation is the most important destructive process in the subsurface (EPA, 1998). Therefore, it
is important to know how fast biodegradation may be operating at RFETS.

The biodegradation rate constant (A or lambda) may be used as an input parameter in solute transport
modeling. This constant is a model parameter used to estimate the effect of biodegradation on
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contaminant migration relative to other attenuation mechanisms. Alternatively, A may be an output
parameter generated by a calibrated solute transport model.

The effects of advection, dispersion, sorption, volatilization, and dilution must be distnguished to
attribute observed decreases in contaminant concentration to biodegradation. Biodegradation rate
constants have been estimated by a variety of methods discussed in the published literature. This
evaluation uses the well known method proposed by Buscheck and Alcantar (1995). Their method
requires that the CAH plume has reached a dynamic steady-state condition. That is, contaminants are
being attenuated downgradient at the same rate that they are produced from the source area. This implies
that the plume is not rapidly growing or shrinking in size.

The method of Buscheck and Alcantar (1995) is a one-dimensional (1D) analytical solution of the
advection-dispersion equation of Bear (1979). This solution is shown below:

A= (:; )* [a+248) -1

In the above equation, A is a first-order biodegradation rate constant. Positive values of lambda indicate
that biodegradation is taking place. Parameter B is the negative of the slope of the regression line fitted to
a In C-vs-D plot discussed earlier. This sign reversal is not discussed in the original paper, but is
mentioned in a related paper by Zhang and Heathcote (2003). The writer has also verified that the sign
reversal is necessary in order to duplicate the published results of Buscheck and Alcantar (1995).

V. is the retarded velocity of the contaminant in the longitudinal direction along the flowpath. Parameter
A is the longitudinal dispersivity in feet. Fetter (1988) states that the value of A can be estimated as one
tenth of the plume path length. If the units of V. are feet per year, then the units of A are per year.

EPA (1998) observed that there is a general bias in the literature against publishing negative results and
that in many plumes TCE degradation may not have been detected. This reports documents all measured

rates whether positive, zero, or negative.

Two-dimensional (2D) and three-dimensional (3D) extensions of the above 1D method were recently
published by Zhang and Heathcote (2003). They showed that the method of Buscheck and Alcantar
(1995) overestimates the biodegradation rate because it does not consider lateral dispersion or finite
source size. In a test case, they found that the 1D method overestimated the rate by 21% and 65% relative
to the 2D and 3D solutions, respectively. The impediment to applying the Zhang and Heathcote (2003)
method is that it requires knowledge of the x, y, and z dimensions of the CAH source area and estimates
of both longitudinal and transverse dispersivities.
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There are numerous suspected sources for the VOC plumes observed at RFETS and the dimensions of
these sources are generally unknown, as are the field-scale plume dispersivities. Consequently, this
evaluation uses the simpler 1D method and recognizes that it likely overestimates the RFETS
biodegradation rates.

3.1.3.6 Isopleth Maps

Isopleth maps are extremely useful tools for visualizing changes in plume extent and concentration
through time and for interpreting a wide variety of biodegradation data. Isopleth maps may be

constructed to portray the spatial distribution of analyte concentrations during a specified time interval. A

set of such maps may be constructed for the parent contaminants during different periods to determine if
the plume extent is growing, stable, or retreating. If the plume is growing in extent, then DOE assumes
that an active source is continuing to feed the plume and that active remediation of this source is expected
(DOE, 1999a). Similarly, if the concentrations of the parent contaminant appear to be increasing through
time at downgradient wells, then this report assumes that an active source continues to introduce
dissolved contaminants.

Isopleth maps may be used to show localized depletion of oxidants, reductants, or increasing
concentrations of metabolic byproducts associated with a contaminant plume. Isopleth maps of daughter
products may also be constructed for different time periods to show that daughter product concentrations
are temporally changing as biodegradation occurs. Daughter concentrations may be observed to increase
as parent concentrations are decrease. However, daughter concentrations should peak and eventually
decrease downgradient.

Depending on data availability, an isopleth map should be constructed for several time intervals to see
potential changes in plume extent and concentration. Availability of historic data used in this report led to
the use of two-year intervals. Recent conditions have been evaluated by combining year 2002 data with
data available up to September 2003. Access queries were used to average the concentrations of the
analyte in groundwater at each well within the PSA during the two-year time period. Averaging data over

reducing the combined effects of sampling and analytical variability.

Because of the large volume of analytical data available for the RFETS, it was not practical to hand
contour the numerous isopleth maps needed to interpret natural attenuation. Commercal software
contouring packages (e.g., Surfer® Golden Software) offer a variety of data interpolation routines for
gridding the data prior to contouring. Surfer and ArcView® (ESRI) software were tested on RFETS data
using kriging, natural neighbor, and in verse distance weighting interpolation.

Machine contouring ignores the effects of obstacles such as building foundations, preferential flow
directions, or stream drainages and tends to extrapolate contours across them. Another pitfall of both
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human and machine contouring is projecting contours unreasonably beyond the nearest well control
points. However, the major weakness of the above-mentioned software for natural attenuation work is
that it does not easily recognize nondetected contaminant concentrations.

CAH plumes are composed of manmade chemicals that exist only in local areas of groundwater near
leaking solvent tanks, leaking drums, burial trenches, or spill sites. Laboratory analyses of groundwater
samples collected beyond these local plumes show nondetected CAH concentrations which define the
plume boundaries. At RFETS, nondetected values are often more abundant than detected CAH
concentrations. Commercial software tends to ignore nondetected values entirely or uses them at face
value (e.g., 100U (a nondetected value) is treated as 100 pg/L (a detected value)). This results in contour
maps that overestimate the areal extent of plumes by extrapolating them across areas where the chemicals
were actually not detected in groundwater. Note that this problem is much less serious for naturally
occurring chemicals like chloride, or sulfate which commonly occur over the areal extent of a
groundwater body.

To overcome the limitations of most of the commercial contouring software packages, a contouring
program, Contours_Plus® (Dirkworks Software), was used to generate isopleth maps. Contours_Plus uses
a standard inverse distance interpolation algorithm for gridding irregularly-spaced map data. This
program was selected for use during this evaluation because it was designed to minimize some of the
weaknesses of machine contouring of analytical data. Given suitable input datafiles, Contours_Plus
distinguishes detected and nondetected concentrations and limits the extension of concentration isopleths
across nondetected regions of the map. The user can also set a maximum radius of influence where
contours will not be projected beyond the existing well control. This software also facilitates rapid data
assessment because it can directly read Access database tables and can generate dozens of isopleth plots

at a time when run in batch mode.

Whether produced by hand contouring or by machine, isopleth maps are data interpretations based on
limited control points; thus, the appearance of the resulting maps will depend on the methods,
assumptions, and professional judgment of the user. Experimentation with various interpolation and

-plotting parameters led to-the judgment that.chemical data for groundwater at RFETS were usually best

visualized by log scaling the contour intervals. Log scaling is appropriate because the concentration
ranges of analytes, like CT, often span many orders of magnitude from not detected (typically <1 pg/L) to
hundreds of thousands of pg/L. Comparison of maps produced by interpolation at various powers
indicated that fifth order inverse distance gridding yielded maps that emphasized the influence of local
data points at low concentrations while minimizing the distant influence of extremely large contaminant
concentrations typical of CAH source areas.

Ubiquitous, naturally-occurring analytes like chloride and sulfate have measurable concentrations in
almost all wells. Therefore, the concentrations of ubiquitous analytes were sometimes extrapolated over
the entire map area. In contrast, manmade chemicals that do not occur everywhere were interpolated
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within areas defined by measured concentrations; however, were not projected across areas of well
control where the concentrations were not detected. The underlying assumption is that CAHs are not
present in groundwater with nondetected concentrations, regardless of the reporting limit. The midpoint
distance between a well with detected and another well with nondetected concentrations was used as the
inferred boundary of the plume.

Extrapolating data at map edges and into areas far from well control is always perilous. The present
investigation tried to control this problem for CAHs by limiting the data extrapolation distance to a
maximum of 300 feet from the nearest measured data point.

3.1.3.7 - Other Lines of Evidence

The ratios of the cis- and trans- stereoisomers of 1,2-dichlorethene (1,2-DCE) have been used in
published literature as an indicator of biodegradation. Manmade 1,2-DCE is a mixture of cis- and trans-
1,2-DCE. Biological processes (i.e., biodegradation) mainly produce cis-1,2-DCE (EPA, 1998). Low
concentrations of trans-1,2-DCE and 1,1-DCE are also produced by biodegradation (Bouwer, 1994).
However, the cis/trans ratio is typically greater than 25 to 1 in groundwater where biodegradation is
actively occurring. Therefore, the presence of high cis/trans DCE ratios are considered primary evidence
of biodegradation at a site.

The presence of dissolved oxygen (DO) is helpful in the biodegradation of fuel hydrocarbons in
groundwater (Wiedemeier, et al., 1995). However, the opposite is true for the biodegradation of most

CAHs in groundwater (EPA, 1998); therefore, the presence of DO may limit reductive dechlorination of
CAHs. However, a few lightly-chlorinated CAHs, like VC, can be oxidized and destroyed by DO.

3.1.4 Relevant Literature

Literature searches were performed to identify relevant books and technical papers concerning

_ biodegradation of CAHs, natural attenuation, and MNA. RFETS-specific environmental reports and
papers were also compiled. The most relevant documents were copied and read. The objectives of the™

literature review were as follows:

e Understand current scientific thinking about natural attenuation processes in general, and
biodegradation of CAH in particular;

e Recognize and use accepted lines of evidence to document the occurrence and extent of natural
attenuation at the RFETS;

e Summarize information learned from prior evaluations of natural attenuation at the RFETS; and
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¢ Obtain geochemical data for CAHs such as partition coefficients and published biodegradation
rates.

RFETS-specific data are presénted in the Site-wide and individual PSA discussions of Section 4.

A number of previous investigations have been conducted to characterize CAH-contaminated
groundwater in local areas of the Site remedial decisions could be made and systems designed. Most of
this work was performed by K-H Environmental Restoration (ER) or by the K-H Water Monitoring and
Compliance Program (WMCP). Examples of these investigations include the following plans and
reports: '

e Industrial Area Sampling and Analysis Plan (DOE, 2001). This document is known as the
IASAP and numerous addenda have been written to target specific IHSS groups;

e Sampling and Analysis Plan for GroundWater Monitoring of the Industrial Area Plume (RMRS,
2001);

e Final Proposed Action Memorandum for the East Trenches Plume (RMRS, 1999a);
‘e Field Implementation Plan for the Mound Site Plume Project (RMRS, 1998a);

¢ Final Sampling and Analysis Plan for Monitoring of Natural Attenuation at IHSS 118.1 (RMRS,
1998b); '

e Sampling and Analysis Plan Characterization and Conceptual Design 903 Pad/Ryan’s Pit and
East Trenches Plumes (IT, 1998); and

¢ Final Pre-Remedial Investigation of IHSS 118.1 Data Summary Report (RMRS,1997).

These and similar reports provided valuable background information for the present evaluation, although
a thorough review of these documents was beyond the present scope. Data collected by the prior
investigations were incorporated in the SWD dataset used in this evaluation.

Specialized, site-specific data are required to evaluate biodegradation and to develop a site-specific.
conceptual model of natural attenuation at the RFETS. Key analytical parameters identified in the
literature include primary CAHs, daughter CAHs, metabolic byproducts, and inorganic analytes and field
measurements that describe the redox environment of the groundwater. About 35 analytical and field
measurement parameters are useful for the evaluations. Fortunately, at least some data were available for
almost all of these analytes and the time span of data collection has been long (since 1986) at some
monitoring wells.

Review Exemption CEX-105-01
3-19




04-RF-00358

More than 1,400 monitoring wells and piezometers have been installed at RFETS since 1954 to meet
various environmental characterization and monitoring objectives. Many of these wells were installed for
RCRA groundwater monitoring to characterize Operable Units (OUs) and other areas. Other wells were
used to determine background concentrations of analytes, to monitor changes in the water table, to
monitor for contamination at Site boundaries, or to meet other objectives.

Review of Annual Environmental Monitoring Reports (AEMRs) indicates that between 1972 and 1984
groundwater quality monitoring at RFETS was mainly concerned with radionuclides. However, the
presence of CAHs in groundwater at RFETS has been known since February 1982 based on total organic
halide (TOX) detections reported in Rockwell (1986). For example, during June 1983, TOX
concentrations up to 3,225 pg/L were measured in groundwater sampled from well 17-74 (Rockwell,
1986). That well was located 300 feet northeast of Pond B-4. '

The detection of VOCs in Site groundwater from several wells is mentioned in the 1985 AEMR
(Rockwell, 1985). Widespread, periodic groundwater monitoring for VOCs at RFETS began during 1986
when 69 new monitoring wells were installed to RCRA standards. VOC data stored in SWD date from
1986 until present-day.

Varying quantities of data applicable to natural attenuation studies have been collected at a number of
CAH plumes through the routine Groundwater Monitoring Program and to support accelerated remedial
actions (e.g., Cowdery et al., 1998; Hopkins et al., 1998). Additional data are available from
characterization of CERCLA OUs during the early 1990°s. Some of the more intensely characterized
areas at RFETS include IHSS 118.1 near B-771, 903 Pad and Ryan’s Pit, the Mound Site, 881 Hillside in
the former OU1, the East Trenches Area, and the PU&D Yard treatability study.

Since the mid-1990’s, the number of wells monitored have been scaled back to meet closure objectives.
Until recently, many wells within known CAH plumes at RFETS had not been sampled for VOCs for

some years. During April to August 2003, the Snapshot sampling project was conducted to fill this data
gap (K-H, 2003). '

Because Site is currently undergoing closure and many wells are being abandoned, the Snapshot
represents a final, large-scale effort to assess CAH concentrations and other water quality parameters in
the IA and East Trenches areas of the RFETS. The overall objective of the Snapshot was to collect data
to map the present extent of Tier I and Tier Il CAH plumes in Site groundwater. An additional objective
was to collect geochemical data to help define redox environments in support of this evaluation.
Knowledge of redox environments (discussed later) is important in interpreting biodegradation potential.
Detailed data quality objectives of the Snapshot are discussed in K-H (2003).
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The Snapshot program identified 324 wells that are located in or near VOC plumes that had not been
sampled for VOCs since December 31, 2000. Wells already scheduled for routine IMP groundwater
sampling, with VOC analysis, during second quarter 2003 were not included in the Snapshot.

The Snapshot was designed to collect groundwater samples for VOC analysis by SW846 method 8260.
The Snapshot Program also collected field parameter data at the wellhead including pH, water
temperature, DO, aqueous ferrous iron, aqueous total iron, sulfide, sulfate, total alkalinity, ORP, specific
conductance, and turbidity. Details of these measurements parameters may be found in K-H (2003) and in
standard operating procedures referenced in that document.

Snapshot sampling crews were able to collect groundwater samples from 237 wells for partial or full
suites of the parameters listed above. Seventy eight wells were found to be dry and 9 other wells were
damaged or not successfully located. Water quality data generated by the Snapshot are included and
interpréted in this report and are an important part of the historical groundwater quality dataset stored in
SWD. Snapshot data give us a picture of the current extents and concentration ranges of CAH plumes
and redox environments presently in groundwater at the RFETS,

However, most of the wells sampled were not installed for the purpose of investigating natural attenuation
of CAH plumes in groundwater. Current guidance suggests that wells installed for natural attenuation
studies should be closely spaced (<100 feet apart) and located along the principal contaminant flowpath
(longitudinal axis) of each plume. Ideally, the line of wells should start with a local background location -
upgradient of the CAH source area and extend down the centerline of the plume and beyond to
uncontaminated downgradient groundwater. The wells must be periodically sampled and the

groundwater analyzed for CAHs, redox parameters, and other analytes that may indicate the feasibility
and extent of biodegradation. Because natural attenuation processes operate slowly, many years of
monitoring data are desirable.

A few relevant parameters, such as dissolved hydrogen and volatile fatty acids, have apparently not been
measured in groundwater at the RFETS. Although these data would be useful, they are not critical to an

-—evaluation of natural attenuation. Actually, the greatest weakness in the water quality dataset is that litle

of it was collected for the purpose of evaluating natural attenuation. Therefore, few data are available for
some analytes that are keys to evaluating biodegradation.

Wells installed to meet other DQOs are not necessarily located in the correct areas to evaluate the
degradation of a CAH plume as groundwater migrates downgradient from a CAH source area. Wells
where groundwater was sampled to meet non-biodegradation DQOs were often analyzed for analytes not
relevant to biodegradation. Another problem is that most groundwater sampling programs at the RFETS
have a short duration, while biodegradation requires long periods of data collection for proper evaluation.
Finally, hundreds of wells have been installed and abandoned over the course of many years at the
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RFETS. Therefore, adequate well control may not exist in some areas of the RFETS during important
time periods when CAH plumes developed and migrated from their source areas.

Despite the above limitations, a large historical set of analytical data has been compiled, and although it is
incomplete, it is judged sufficient for this evaluation of biodegradation and natural attenuation at RFETS.
The data provide intriguing glimpses into CAH degradation in specific areas of RFETS and have been
used to develop a site-specific conceptual model of CAH attenuation at the RFETS.

Water quality data (analytical data) form the basis of the natural attenuation evaluations of this report.
These data were retrieved from the Soil and Water Database (SWD) and processed as follows:

e RFETS Groundwater analytical results were uploaded from SWD into a local Microsoft Access
97 database. This database and the queries used to process the data are archived on the WMCP
server;

e Analyses of dissolved gases in groundwater, such as ethane and methane, were not available from
SWD. These records were hand entered into an Access table and then appended to the local
database;

e Analytical data were retrieved for primary samples (REAL) and field duplicate samples (DUP).
Data for other field-originated QA/QC samples (e.g., equipment rinsates, RNS) were not
retrieved. Laboratory-originated QA/QC (e.g., lab control sample) records were not retrieved,

¢ Data records were excluded from consideration if they were qualified as rejected (R or R1) by
data validation or verification. Other excluded records included surrogate (SUR) compounds
analyzed for laboratory QA/QC. Analytical results for tentatively identified compounds (TICs)
were not of high value to the present investigation and were also excluded;

e Access queries were written to examine the data and to identify potential problems such as
incorrect concentration units or concentration unit mismatches between the groundwater quality
data and the action level tables that they were compared against. Several potential problems were

~_identified, including the presence of nitrate data under two CAS numbers;

o  Where appropriate; concentration units were standardized to pg/L;

e The data were examined for the potential presence of sample locations that were outside the area
of interest or that were not relevant to the investigation, such as tanks, treatment system effluent,
and most surface water stations (coded SW). Groundwater emerges at a few SW locations as
seeps; these locations were included in the evaluation;

e Samples of DNAPL and multiphase mixtures of DNAPL, water, and LNAPL have been collected
at the RFETS and the resulting analytical data are stored in SWD. Because SWD does not use a
separate “media type code” to identify NAPL data they are stored under the groundwater (GW)
media code. The huge concentration numbers associated with a NAPL are not representative of
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solvent concentrations dissolved in groundwater and NAPL data would potentially bias the
interpretation of groundwater quality data. Therefore, a search was performed in SWD comment
fields to identify potential NAPL samples. RFETS personnel were also contacted to find out

" where and when NAPL samples may have been collected. Approximately one dozen NAPL or
multiphase samples were identified; all associated with IHSS 118.1. Analyticalresults associated
with those samples were removed from the data tables used in this evaluation; and

e Statistical outlier testing (e.g., Dixon, 1953), was not performed on the analytical data. CAH
concentrations, for example, vary greatly temporally, and from well to well, and extreme values
are expected near source areas. Meaningful outlier testing would have required construction of
hundreds of time-series plots of the concentrations of each analyte at each well. Each plot would
then need to be manually interpreted and professional judgment applied to identify and remove
potential outliers. "

Data validation and verification (V&V) procedures are the principal means of assessing the usability of
groundwater analytical data. V&V also improves overall data quality by allowing ASD to closely
monitor laboratory performance and to provide feedback to each laboratory regarding its ability to
produce quality data that meets subcontract requirements. Data validation is a rigorous data review
performed by a Kaiser-Hill ASD subcontractor on approximétely' 25% of the groundwater analytical data
generated at the RFETS. The remaining 75% of the data are verified under less extensive data reviews
than the validated data are subjected to. V&V criteria are generally based on government-published
standards and guidelines, primarily EPA Contract Laboratory Procedures (CLP) and SW-846 method
guidelines for organic and inorganic data evaluation and review.

Groundwater analytical data collected by the RFETS are considered valid (V or V1) unless the V&V
process identifies analytical problems that require the data to be qualified. When it is necessary to qualify
individual data records, standard qualifier codes (alphanumeric validation codes) are applied. Integer

reason codes often accompany these validation codes, enabling the data user to determine why the results

were qualified. For example, groundwater data with a validation qualifier R1 and a reason code 101
indicates that the verification process rejected the data as unusable for reason 101 (i.e., sample holding

3.2 Natural Attenuation Processes and Geochemistry

Evaluation of natural attenuation processes, specifically the process of biodegradation, requires a basic
understanding of the processes and how they work. The objective of this section is to provide a brief
summary of the most important processes and to incorporate them into a generalized conceptual model.
Geochemistry will be emphasized, particularly the geochemistry of biodegradation. This was done for the
following reasons:
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¢ Biodegradation is widely believed to be the most important natural process in the destruction of
CAHs;

¢ Biodegradation requires specific geochemical conditions (environments) to proceed at
measurable rates; and

e When biodegradation proceeds at reasonable rates, it alters the geochemical environment in
measurable ways. For example, biodegradation acts to increase concentrations of chloride and
alkalinity in groundwater.

This report will interpret historical groundwater analytical data collected at the RFETS considering the
above geochemical processes and environments.

3.2.1 Hydrologic Processes of Natural Attenuation

Although the present investigation focuses on biodegradation, additional processes are important in the
natural attenuation of CAHs. The relative importance of these attenuation processes varies with the
geochemistry and hydrology of each plume site. Hydrologic processes are discussed in the following
paragraphs. Discussion of the geochemical processes of sorption, volatilization, and biodegradation
follows in a later section.

Advection is the most important process driving contaminant migration in the subsurface. Solute
transport by advection (acting alone) would carry a groundwater contaminant downgradient at a velocity
that is directly proportional to the hydraulic gradient and to the hydraulic conductivity of the porous
medium. Ignoring other processes, advective transport from a continuous source would produce a plume
with a sharp concentration front. Upgradient of the solute front the CAH concentration would be the
same as that at the source area. Downgradient of the front, the CAH concentration is zero. In nature, an
advancing plume front is actually spread out by the additional processes of dispersion and diffusion.
Furthermore, transport of a CAH is retarded by biodegradation and abiotic chemical reactions, as well as
by sorption to the porous medium.

Hydrodynamic dispersion is the process which spreads out a contaminant plume in three dimensions,
parallel to the direction of migration (longitudinal), laterally (transverse), and vertically. The underlying
processes are mechanical dispersion and molecular diffusion. Mechanical dispersion is the most
important at ordinary groundwater velocities and its magnitude is directly proportional to groundwater
velocity and to dispersivity. Longitudinal dispersivity is a scale dependent parameter that is commonly
estimated as 10% of the plume length (Fetter, 1988).

Dispersion is a mixing process caused by local variations in groundwater velocity and direction due to
heterogeneities in the porous medium at microscopic to megascopic scales. The result of dispersion is
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spreading and mixing at the plume edges which causes the plume front to grade from zero concentration
at its downgradient leading edge with successively increasing concentrations upgradient of the edge.

Dilution reduces contaminant concentrations through groundwater recharge that adds unaffected water to
the contaminated groundwater system. The most common causes of dilution are infiltration of
precipitation and leakage of surface water to a shallow water table aquifer.

3.2.2 Geochemical Processes of Natural Attenuation

The geochemistry of natural attenuation processes is summarized to give the reader a framework for
reviewing and interpreting the groundwater quality data collected at the RFETS which are discussed in
Section 5. This summary also provides the necessary background for developing a conceptual model of
natural attenuation.

3.2.2.1 Chemical Sorption and Volatilization

Sorption is a process where dissolved contaminants chemically bind to minerals or organic matter in the
aquifer matrix thus decreasing their dissolved concentrations in groundwater. Desorption is the reverse
process by which contaminants are released from the soil matrix increasing their concentrations in
groundwater. Sorption is actually a generic term for several chemical attenuation mechanisms that will
not be discussed here adsorption, coprecipitation, and precipitation. The most simplistic and widely used
model of sorption and desorption assumes that they are reversible processes which can be modeled by a
parameter called K. Sorption acts to slow the transport velocity contaminants (V) relative to the velocity
of the groundwater (V,,) which is defined as V. = V,,/R, where R is the coefficient of retardation.

At chemical equilibrium in a mixture of water and soil, K4 equals the mass of contaminant bound to the
soil (C,) divided by the contaminant concentration remaining in groundwater (C,), or K4 = C/C;. The
larger the K value, the greater the fraction of contaminant that will be bound to the aquifer soil, resulting

__in a larger retardation factor. CAHs and other Q£gMc:@oleggles tend t,o,l,),ind strongly to the natural

organic carbon found (in low percentages) in many sedimentary aquifer host rocks and sediments.

K4 values are specific to the contaminant of interest, to the mineralogy of the porous medium, and to the
chemical composition of the groundwater. Literature values of K4 often vary over several orders of
magnitude; Ky values for many analytes are strongly pH dependent. Ky values for CAHs are expected to
vary in proportion to the fraction of organic matter (i.e., TOC) in the aquifer.

Volatilization is a nondestructive attenuation mechanism that removes contaminant mass from
groundwater. Henry’s Law describes the partitioning of a contaminant between the aqueous phase and
the gaseous phase. The law is defined as H = C,/C,,, where parameter H is the Henry’s Law constant, C,
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is the concentraﬁon in air, and C,, is the concentration in water. Chemicals with H values less than 107
atm-m’/mole are less volatile than water and their groundwater concentrations should increase as water
evaporates. CAHs are much more volatile with H values ranging from a low of 0.001 atm m®*/mole for
1,2-DCA to about 1.22 atm m*/mole for VC. However, the overall volatilization rate from groundwater is
influenced by water table depth, soil moisture content, the presence of sorbents such as organic matter,
and other environmental factors (Howard, 1989, V.I). Except for VC, and portions of plumes that are
shallower than one meter, attenuation due to volatilization can generally be neglected (EPA, 1998, p.B2-
26).

3.2.2.2 Overview of Redox Geochemistry

Understanding biodegradation processes and environmental effects requires a knowledge of redox
geochemistry and nomenclature. First, redox stands for oxidation-reduction reaction. In a balanced redox

reaction, an oxidizing agent (also called an oxidant or electron acceptor) gains one or more electrons from ,

a reducing agent (also called a reductant or electron donor); the oxidant is reduced by this process.
Simultaneously, the reductant loses electrons and is oxidized as the reaction proceeds.

A thermodynamically-predicted sequence of redox reactions is often observed in groundwater
environments (Gurney, 1953; Lindberg, 1983). The exact Gurney sequence varies with pH.. However,
the general rule is that if an oxidizing groundwater and aquifer matrix were very slowly titrated with an
excess of reductants, then the strongest oxidizing agent (DO) would be consumed (reduced) first. The
process would continue by consuming the second strongest oxidant (usually nitrate at pH >6), then
Mn(IV) aqueous and solid phases may start to reduce to Mn(Il). Continued reduction may then reduce
Fe(III) aqueous and solid phases to Fe(II), followed by sulfate reduction, and finally methanogenesis in
which carbonic acid dissociation species are reduced to methane. Both sulfate reduction and
methanogenesis require mediation by bacteria in order to proceed at measurable rates.

These reactions are characteristic of redox environments in groundwater systems. Biodegradation takes
place in certain redox environments and it also geochemically alters those environments. The most direct

- -way to recognize the redox environment of a groundwater is to look for trends in the concentrations of

key reactants and products. For example, if sulfate concentrations are decreasing through time at a well,

* and sulfide ion (or hydrogen sulfide, H,S) concentrations are increasing, then sulfate reduction is inferred

1

(Brady et al., 1999).

From equilibrium thermodynamics and the Nernst equation, it is possible to predict a range of Eh values
characteristic of these redox reactions at a given pH. ORP measurements may be converted to Eh
measurements by adding the Eh of the reference electrode to the ORP voltage. Eh-pH diagrams may be
constructed which show the relative stability fields of these redox sensitive ions and solid mineral phases.
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During biodegradation, as each successively weaker oxidant is reacted, the groundwater becomes more
reducing, and the measured ORP or Eh should decrease. However, there are numerous difficulties with
both the measurement and the interpretation of ORP and Eh data (Lindberg, 1983). For example, it is
usually difficult to relate Eh measurements made by platinum electrode to a controlling redox couple,
other than Fe(II)/Fe(Ill) in low pH, high iron waters like acid mine drainage. The O2,,/H,O couple,
sulfate/sulfide, and HCO;/CH,,q redox couples are not electroactive at a platinum electrode. This means
that the platinum electrode generally does not reflect the redox potential of these couples when

- groundwater Eh is measured.

More fundamentally, redox disequilibrium is the normal state of most groundwaters at near-neutral pH
values. Redox disequilibrium means that each of the redox couples in the water is acting independently at
its own Nernst potential, and consequently, there is no single Eh to measure that would be representative
of the overall redox state of the water (Lindberg and Runnells, 1984).

3.2.2.3 Biodegradation

Numerous investigations have shown that microorganisms indigenous to groundwater environments can
degrade a variety of manmade organic chemicals including chlorinated ethanes, chlorinated ethenes,
chlorobenzenes, and components of gasoline, kerosene, and diesel fuel (EPA, 1998). This biologically
mediated degradation is termed biodegradation and at many sites it is the most important process by
which CAHs in the environment are destroyed. Therefore, an overview of biodegradation is provided
below.

3.2.2.3.1 Overview of Biodegradation

[

Chemotrophic microorganisms obtain energy for growth and activity by physiologically coupling redox
reactions. Under aerobic conditions, some types of bacteria couple the oxidation of organic compounds
(food) with the reduction of oxygen, the strongest naturally occurring oxidizing agent found in
groundwater. Under anaerobic conditions in the absence of oxygen, micfoorganisms may obtain less
energy-from weaker oxidizing agents such as PCE, ,_TCE,,,nitratg,,sul@tc, and Fe(1II). The redgxipgrtentrig}
of groundwater should decrease as oxidants and nutrients are depleted by bacteria during contaminant
biodegradation. Research indicates that a succession of distinct bacterial communities grow and thrive in
specific redox environments (EPA, 1998).

Biodegradation causes measurable changes in groundwater geochemistry as shown in Table 3-2.
Processes are listed across the top row of the table, while analytes are listed down the left column. The
expected direction of change in analyte concentration is listed in the intersecting cells as decreases or
increases.
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Alkalinity increases because carbon dioxide is produced by the biodegradation of organic carbon
compounds. Dissolving carbon dioxide in water forms carbonic acid dissociation species. Two of these,
bicarbonate ion and carbonate ion may be measured when a water is analyzed for total alkalinity.
Alkalinity is increased during aerobic respiration and in all of the anoxic environments during
biodegradation of CAHs and fuel hydrocarbons. Areas contaminated by petroleum hydrocarbons often
have a higher total alkalinity than background areas (Wiedemeier et al., 1999). ‘

Biodegradation of CAHs in groundwater takes place by three general mechanisms:

® Aerobic biodegradation — microbial use of the organic compound as a reductant and primary
substrate for growth;

o Reductive dechlorination ~ anaercbic microbial use of the organic compound as an oxidant; and
e Cometabolism — fortuitous degradation by microbes.

Under aerobic biodegradation, the primary bacterial growth substrate is also used as a reductant.
Examples include fuel hydrocarbons and the less oxidized chlorinated ethenes and ethanes VC,
chloromethane, and chloroethane. Under aerobic conditions (aerobic respiration), DO is coupled with
these reductants. Under anoxic conditions, reductive dechlorination uses the more oxidized CAHs as
oxidants, including CT, PCE, TCE, DCE, TCA, and DCA. During cometabolism, the organism gains no
apparent benefit from the compound being degraded. Cometabolic degradation is a fortuitous side-
reaction with microbial enzymes produced for other purposes. Further details of these three mechanisms
are presented in the following paragraphs.

3.2.24 Aerobic Biodegradation of Primary Substrates

Biodegradation of fuel hydrocarbons is known to be relatively rapid under aerobic conditions; the
degradation rate is limited by the availability of DO in groundwater (EPA, 1998). Microbes also perform

~aerobic biodegradation of the less chlorinated ethenes and ethanes, particularly VC, DCE, and 1,2-DCA.
These CAH compounds act as reductants and provide organic carbon and energy to the bacteria as they =~

are oxidized by DO. VC is the chlorinated ethene most susceptible to aerobic biodegradation. VC is
oxidized to carbonic acid species. This aerobic biodegradation of VC is more rapid than other
mechanisms of VC degradation, such as reductive dechlorination (RD).

Similarly, 1,2-DCA is the most susceptible chlorinated ethane because chloroethane is more likely to
abiotically hydrolyze to ethanol (EPA, 1998). 1,2-DCA undergoes acrobic biodegradation to form
chloroethanol which is then mineralized to carbonic acid species (Wiedemeier et al., 1999). All three
isomers of DCE can be aerobically biodegraded, although cis-1,2-DCE is the most rapidly degraded DCE
isomer (EPA, 1998).
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Table 3-2 Geochemical Trends Produced by Biodegradation of CAHs and Fuels
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It is very important to note that the most highly oxidized CAHs with 3 or 4 chlorine atoms, e.g., PCE and
TCE, resist biodegradation under aerobic conditions (EPA, 1998). This is because the highly chlorinated
CAHs are already highly oxidized from the chlorine addition and do not undergo further oxidation in the
presence of oxygen. Although some microbial cultures have been shown to be capable of TCE oxidation
in the laboratory, Vogel (1994) observed that no strong evidence of aerobic oxidation of highly
chlorinated solvents had been found at hazardous waste sites. :

3.2.2.4.1 Anaerobic Biodegradation of Primary Substrates

Microbial respiration rapidly depletes the DO in groundwater with high organic carbon concentrations,
producing anaerobic (anoxic) conditions. Bacteria can anaerobically biodegrade fuel hydrocarbons in
most groundwater redox environments including denitrification, Mn(IV) reduction, Fe(III) reduction,
sulfate reduction, and methanogenesis (Wiedemeier et al., 1995).

Requirements that must be met for anaerobic biodegradation of organic molecules include absence of DO,
availability of a carbon source, an oxidizing agent, essential nutrients, and suitable geochemical
environment, e.g., proper pH, redox potential, salinity, and temperature (EPA, 1998). Under anoxic
conditions suitable oxidants may include nitrate, Mn(IV), Fe(Ill), sulfate, and carbon dioxide (carbohic
acid species).

Although there is a large body of evidence describing the anaerobic oxidation of fuel hydrocarbons,
anaerobic oxidation is not significant in degrading most CAHs because they are highly oxidized. An
exception is VC which can be oxidized to carbon dioxide by Fe(IlI) reduction in a bacterially-mediated
reaction (Bradley and Chapelle, 1997).

3.2.2.4.2 Reductive Dechlorination — Anaerobic Microbial Use of CAHs as Oxidants

Bouwer et al. (1981) first demonstrated that CAHs could be biodegraded in anoxic groundwater

bacteria use CAHs as oxidants, rather than as carbon sources (EPA, 1998). Therefore, RD Vréquires'aﬂ
separate source of carbon for bacterial growth. Potential carbon sources are fuel hydrocarbons from
gasoline, diesel, hydraulic fluid, and low molecular weight organic ions and compounds like acetate,
lactate, methanol, sugars, and volatile fatty acids. For this reason, leaking fuel tanks spatially associated
with CAH plumes can accelerate the RD of a CAH plume. At RFETS, leaking drums of lathe coolant
may undergo RD because of the hydraulic fluid mixed with the CT.

One form of RD is called hydrogenolysis, where a chlorine atom is replaced by a hydrogen atom as the
parent CAH molecule is reduced. For example, Dehalobacter restrictus can reduce PCE and produce cis-

1,2-DCE (Holliger et al. cited in EPA, 1998).
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Recent studies have also discovered direct dechlorinators, bacteria that can use chlorinated ethenes (PCE
and TCE) as oxidants and apparently as carbon sources in a process called dehalorespiration. There is.
also evidence that dechlorination may be dependent on the supply of dissolved hydrogen acting as the
reductant. The hydrogenAsource results from microbial degradation of a primary substrate (e.g., acetate, '
ethanol, and fuel hydrocarbons). '

In anaerobic environments, the more highly chlorinated compounds CT, PCE , TCE, DCE, TCA, and
DCA may be used as oxidants. They are reduced in microbially-mediated reactions to less chlorinated
daughter products. The parent concentration decreases and the daughter concentration initially increases,
subsequently decreasing as it is later consumed (Appendix I). This produces chemical decay chains like
PCE — TCE — DCE — VC — ethene. However, because of the relatively low oxidation state of VC, it
more commonly undergoes aerobic biodegradation as a primary substrate near the plume edge, instead of
RD (EPA, 1998). '

PCE and TCE can be anaerobically reduced to 1,1-DCE, cis-1,2-DCE, or trans-1,2-DCE, although ciS-
1,2-DCE is the more common degradation (or daughter) product (Bouwer, 1994). The least common
product is 1,1-DCE.

Geochemical indicators of RD of CAHs include (EPA, 1998):

e DO concentrations are low or not detected;
¢ Detectable ethene, ethane and/or methane is present;
¢ Fe(ll) is being produced (locally increasing aqueous concentrations); and

e Dissolved hydrogen concentrations are between 1 and 4 nanomolar (10°° molar).

3.2.2.4.3 Cometabolism of CAHs

- ‘Biodegradation of a-chlorinated solvent by cometabolism occurs without involving the. CAH as a carbon -
source or an oxidant. Bacterially-produced oxygenases are often nonspecific enzymes that fortuitously
support oxidation of many CAHs (McCarty and Semprini, 1994). In some cases, RD may be a
cometabolic process that results in slow and incomplete dechlorination (EPA, 1998). Cometabolism of
CAHs is best documented in aerobic environments. Cometabolism is a less important degradation
process than RD.

3.2.2.5 Abiotic Degradation of CAHs

Abiotic chemical transformations such as hydrolysis, slowly convert some CAHs into simpler molecules.
Hydrolysis refers to the direct reaction of a CAH molecule with water. An important example is the
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hydrolysis of 1,1,1-trichloroethane to form acetic acid. This process is relatively rapid, with a hydrolysis
half-life of 0.5 to 1.7 years (Vogel et al., 1987). Chloride ion is released to groundwater and the
generated acetate ions are consumed by bacteria or are oxidized to carbonic acid dissociation species,
such as bicarbonate ion.

A second example is the hydrolysis of chloroethane to form ethanol. Hydrolysis is very rapid with a
chloroethane half-life of 0.12 years (Vogel et al., 1987). In general, monochloroalkanes hydroly ze with
half-lives of about one month, while polychlorinated molecules hydrolyze at a slower rate (i.e., have a
longer half-life). CT slowly hydrolyzes with a half-life of 41 years, while its daughter CF requires 3,500
years (Wiedemeier et al., 1999).

Dehydrohalogenation is another abiotic aqueous chemical reaction in which a chlorinated alkane .
eliminates HCI to produce a less chlorinated alkene. An example is 1,1,1-TCA giving up HCl to form
1,1-DCE. The half-life of 1,1,1-TCA in this reaction is 0.8 to 2.5 years (Vogel et al., 1987). The
dehydrohalogenation reaction rate increases with the number of chlorine atoms attached to the carbon
atom that eliminates a chlorine.

Whether abiotic or microbiological, the degradation of CAHs in nature proceeds from the more
chlorinated and more oxidized parent compounds, to the less chlorinated, less oxidized, and molecularly
simpler daughter products. Complete dechlorination results in simple alkanes (methané, ethane), alkenes
(ethene), or alcohols (methanol, ethanol), or oxidation to carbon dioxide, water, and chloride ion.

Figure 3-4 summarizes potential degradation pathways from the literature. Common chlorinated solvents
form the top two rows. Proceeding down a path from top to bottom, each parent compound is losing one
or more chlorine atoms, forming a daughter product while increasing the chloride ion concentration in
groundwater. The parent solvents tend to be the most hydrophobic, most strongly sorbed (highest K,),
and least soluble in groundwater. Therefore, the compounds at the top of Figure 3-4 are strongly retarded
(least mobile). Moving down the figure, the daughters tend to become less strongly sorbed, increasingly
mobile, and increasingly soluble in groundwater, as they become less hydrocarbon-like. This is illustrated

- -by the-following log K, and solubility data from Howard (1990) for the carbon tetrachloride decay series

(Table 3-3). However, this relationship is not perfect because the solublhty of chloromethane should be
greater than that of methylene chloride.

Table 3-3 Carbon Tetrachloride Family Octanol-Water Distribution Coefficients and Solubility

Aqueous Solubilit
CAH Log Kow q (mg/L) y
Carbon tetrachloride : 2.83 805
Chloroform 1.97 7,950
Methylene chloride 1.25 13,000
Chloromethane 0.91 6,480
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Semprini (1994), Brady et al. (1999), and Wiedemeier et al. (1997).
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Figure 3-5 General Conceptual Model of Biodegradation of a PCE Contaminant Source in a Type I
Anaerobic Environment with Fuel Hydrocarbons ‘

DNAPL Source

Concentration or Mass

Concentration or Mass

_ Distance Downgradient and >
Direction of Groundwater Flow

Adapted from Wiedemeier et al. (1999).
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4 SETTING, CONTAMINANT RELEASES, AND PREVIOUS NATURAL
ATTENUATION WORK

~ This section describes the physical and hydrogeologic setting of the RFETS 1A and of adjacent land with

groundwater contaminated by chlorinated solvents.

4.1 RFETS Industrial Area and Surroundings

The IA is located near the center of the 10 square mile RFETS plant site. It dates back to 1951 when
construction began on the nuclear weapons processing phnt northwest of Denver.

4.1.1 Physical and Industrial Setting

The IA contained all of the important processing buildings, waste storage areas, and waste treatment

facilities (Figure 4-1). Almost all CAH contamination in groundwater at RFETS is found within the IA
or immediately east of the 1A in the Mound and East Trenches Areas. Several CAH plumes are located
on the south flank of the IA or appear to have migrated southwards from the 1A towards Woman Creek.

No CAH plumes are presently known to exist in Buffer Zone groundwater. Therefore, this report uses the
term Site-wide to refer to the IA and surrounding area between Walnut Creek on the north and Woman
Creck on the south. This Site-wide area is shown on Figure 3-1 and extends eastward past the East
Trenches to Pond B-5. CAH plumes have not been detected west of 1* Street which is used as the
western boundary of site-wide figures in this report.

4.1.2 Hydrogeology

The hydrogeology of the RFETS has been presented in numerous reports and only a brief description is

- presented here. -Most of the groundwater data evaluated in this report were obtained from the upper

hydrostratigraphic unit (UHSU) which is the uppermost saturated stratum beneath the site. This unitis

" composed of unconsolidated gravel, sand and silt of the Rocky Flats Alluvium, Colluvium, and Valley

Fill Alluvium. Below the alluvium, the UHSU also includes a zone of weathered bedrock developed on
top of the Arapahoe Formation bedrock. - Locally subcropping porous sandstone units (the No. 1
Sandstone) of the Arapahoe Formation are also included within the UHSU.

The Rocky Flats Alluvium thins from west to east across the IA and caps the pediment surface beneath
the IA. Colluvium and slump deposits are found on the hill slopes overlooking the stream drainages.
Valley Fill Alluvium occurs in the bottom of the stream drainages.
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Unconfined groundwater is present within the UHSU across the IA and eastwards across the East
Trenches area. The water table elevation varies seasonally and from year to year. In local areas, the
UHSU may be unsaturated on a seasonal basis or during dry years.

Figure 4-2 shows a potentiometric map of the UHSU water table during the 2™ quarter of 2002. Although
the water table is locally influenced by nearby building drains, the potentiometric contours generally
parallel surface topography as expected for a water table aquifer. Groundwater flow directions are
downgradient and perpendicular to the water table contours. Groundwater flow in the IA is generally
towards the east and towards the Walnut and Woman Creek drainages.

The red lines on Figure 4-2 were used to estimate Darcy groundwater velocities in the Final RFCA
Annual Groundwater Monitoring Report for 2002 (K-H, 2004). For consistency, some of these velocities
were used to estimate bulk attenuation rate constants.

4.1.3 Usage of Chlorinated Aliphatic Hydrocarbons (CAHs) at RFETS

The parent CAHs (e.g., CT and PCE) in groundwater are of manmade origin and usually entered soil and
groundwater from leaking solvent tanks, leaking drums, accidental spills, or historical waste disposal
practices. However, TCE may either be manmade or a daughter product of the biodegradation of PCE.

Similarly, CF and MC are both manmade solvents as well as decay products of the reductive
dechlorination of CT. Therefore, distinguishing the origins of many of the CAHs detected in groundwater
at the RFETS is central to an evaluation of the extent of natural attenuation. Consequently, it is important
to summarize which manmade CAHs were used at the RFETS, where and when they were used, and in
what quantities. At the RFETS, most releases of CAHs to the environment probably took place during

the 1950’s and 1960’s. However, widespread groundwater quality monitoring did not start at the RFETS
until 1986, although 138 wells are known to pre-date 1986. Groundwater sampled from these older wells

The following sections discuss available historical data on many of the CAHs found in the RFETS
groundwater.

4.13.1 Carbon Tetrachloride
Rocky Flats Plant (RFP) was formerly the largest volume user of CT in the United States (ChemRisk,

1992). The 1974 Harmful Materials Inventory listed 12,500 kg of CT on plant site, while the 1988-1989
inventory listed 7,060 kg. CT was used in numerous industrial processes at the RFETS including:
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Cleaning weapons components, machinery, instruments, furnaces, and glove boxes;
e Chip degreasing and briquetting of Pu metal and to wash Pu lathe turnings; and

e Laboratory scale solvent extraction operations.

Air Pollution Emission Notice Reports (ChemRisk, 1992) provide a rough estimate of fhe areal
distribution of CT usage (based on CT air emissions) at RFETS as follows:

e B-707 80%;

e B-777 14%; -
e B-776 6%;

e B-460 1%; and
e B-881 1%.

Solubility calculations may provide clues to the locations of unknown or poorly known NAPL sources
and clues for determining the mixture of solvents that may have been spilled. Such calculations are
simple estimates based on the water solubility of each pure CAH at room temperature. In reality, if a
mixture of several chemicals was spilled, then the aqueous solubility of each compound in the mixture
would be lowered by multiplying the solubility of the pure compound times its mole fraction. Thus,
simplified solubility calculations reported here may underestimate the actual percent solubility of CAHs
associated with mixed sources.

Historical analyses of CAHs in groundwater were retrieved from SWD and compared against the
published solubility of each compound in pure water. Percent solubility was computed at each well and -
descriptive statistics calculated. Because a CAH source area requires many years to degrade, and wells
were installed and sampled over a range of years, the solubility data were time-averaged to yield the

Time-averaged, mean percent (%) solubility calculations were performed for CT in groundwater. The
results are shown on Figure 4-3 and indicate indicates that up to 4.4% of CT solubility may occur at the
Site. A commonly used rule of thumb is that CAH solubilities greater than 1% may indicate the presence
of a nearby NAPL source area (Brady et al., 1999). Areas with greater than 1% CT solubility are
restricted to the 903 Pad where CT in lathe coolant was stored in drums and IHSS 118.1 south of B-771
where reported spills were associatéd with a large tank of CT. Thus, the solubility mapping has some
merit, although it likely misses many small sources of DNAPL with no nearby monitoring wells.
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Figure 4-3 Map of Time-Averaged, Mean Percent (%) Solubility of Carbon Tetrachloride
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4.1.3.2 Tetrachloroethene

PCE was widely used for degreasing and cleaning operations in many of the RFP buildings (ChemRisk,
1992). The PCE inventory at the RFP during 1974 was 4,462 kg. By 1989 the PCE inventory was only
1.5 kg. It is believed that during the 1970’s PCE was replaced by 1,1,1-TCA.

PCE was most heavily used in B-881 prior to 1963 where 50 drums per month were used in enriched
uranium processing (ChemRisk, 1992). PCE was used in B-886 between 1965 and 1975. PCE was also
widely used in buildings B-889, B-886, B-883, B-881, B-776, B-771, and B-444. PCE air emissions
estimates were not available for most of these buildings prior to 1992.

Circa 1992, the most significant PCE waste stream source was B-889, although 100% of PCEair
emissions were from B-374 (ChemRisk, 1992). PCE was present in liquid wastes treated in B-374 and
was emitted during waste neutralization.

Time-averaged, mean percent (%) solubility calculations were performed for PCE in groundwater. The
results are shown on Figure 4-4 and indicate indicates that up to 4.2% of PCE solubility may occur at the
Site. A commonly used rule of thumb is that CAH solubilities greater than 1% may indicate the presence
of a nearby NAPL source area (Brady et al., 1999). Areas greater than 1% PCE solubility are restricted to
the Mound Site and possibly the 903 Pad.
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Figure 4-4 Map of Time-Averaged, Mean Percent (%) Solubility of Tetrachloroethene

4.1.3.3 Trichloroethene

TCE was used in large volumes at the RFP to clean and degrease weapons components made of Be, U,
and Pu. TCE was used in vapor degreasers at plant starting in 1963 when it replaced other solvents
(ChemRisk, 1992). TCE use at the RFP during 1973 was about 10,000 gallons. During 1974, the
inventory of TCE at the RFP was 22,763 kg (ChemRisk, 1992). By 1989, most TCE usage was replaced
by other solvents (e.g., 1,1,1-TCA) and the TCE inventory decreased to 140 kg.

Like PCE, TCE was heavily used in B-881 prior to 1963. TCE was used to clean glove boxes in B-771
prior to the introduction of KW soap during the 1960’s. Small volumes of TCE were also used in B-460.

- The most significant TCE waste stream, circa 1992, was B-889, although 100% of TCE air emissions
were from B-374 (ChemRisk, 1992). TCE was present in liquid wastes treated in B-374 and was emitted

during waste neutralization.

Time-averaged, mean percent (%) solubility calculations were performed for TCE in groundwater. The
results are shown on Figure 4-5 and indicate indicates that up to 6.4% of TCE solubility may occur at the
Site. A commonly used rule of thumb is that CAH solubilities greater than 1% may indicate the presence
of a nearby NAPL source area (Brady et al., 1999). Areas greater than 1% TCE solubility are restricted to
the Ryan’s Pit, the East Trenches area, and possibly the 903 Pad. These are all plausible locations for the
presence of DNAPLs containing TCE.

4-11
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Figure 4-5 Map of Time -Averaged, Mean Percent (%) Solubility of Trichloroethene
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4.1.34

1,1,1-Trichloroethane

The inventory of 1,1,1-TCA at the RFP during 1974 was 22,763 kg (ChemRisk, 1992); its inventory in

1989 was 1,750 kg. Use of 1,1,1-TCA during 1977 was estimated at 4,675 gallons (DOE, 1980). This

chlorinated solvent was used in cleaning and vapor degreasing of U and Pu parts. It was also used as a

cutting agent in the machining of Pu. During the 1970’s, the RFP used 1,1,1-TCA as a replacement for
TCE and PCE. 1,1,1-TCA remained in use until May 1990 for cleaning parts during assembly work.

Air emissions estimates by ChemRisk (1992) suggest the following 1980’s distribution of 1,1,1-TCA

usage at the RFP:
e B-777
e B-776
e B-88l
e B-374

3%

B4

29% B-707
1% B-460
1%.

3f‘%;
14%;
1%; and

Time-average, mean percent (%) solubility calculations were performed for 1,1,1-TCA dissolved in
groundwater. The results are shown on Figure 4-6 and indicate that up to 6.3% of 1,1,1-TCA solubility
may occur at the Site. A commonly used rule of thumb is that CAH solubilities greater than 1% may
indicate the presence of a nearby NAPL source area (Brady et al., 1999). Areas greater than 1% 1,1,1-

4-12
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TCA solubility are restricted to IHSS 118.1 south of B-771 and to 881 Hillside (formerly OU1) where
known 1,1,1-TCA spills are known to occur.

Figure 4-6 Map of Time-Averaged, Mean Percent (%) Solubility of 1,1,1-Trichloroethane
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4.1.3.5 Chloroform

CF (or trichloromethane) is the first daughter product formed during natural biodegradation of CT.
However, CF is also a manmade solvent, a volatile heavy liquid at room temperature. The 1974 harmful
materials inventory listed 5,513 liters of CF at RFETS (ChemRisk, 1992). The 1989 inventory listed 500
kg of chloroform. Known uses of chloroform at RFETS included the following:

e B-334 used as a solvent and adhesive;

-~ e B-460- used to cement Plexiglas;— - . ._ .

e B-559 used as an extractant in analyzing the gallium (Ga) content of Pu samples; and

e B-881 dissolution of photo resists and plastics.

The principal CF air emissions appear to have been from the B-559 laboratory (ChemRisk, 1992). CF
was also released during neutralization of liquid process wastes in B-374.

Time-average, mean percent (%) solubility calculations were performed for CF dissolved in groundwater.

The results are shown on Figure 4-7 and indicate that no CF solubilities exceeded 0.26%. The highest
percent solubility areas are at IHSS 118.1 and at 903 Pad . Because the mapped solubilities of CF are
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considerably less than 1%, this suggests that CF is a daughter product of CT degradation rather than one
of the primary solvents used at the Site.

Figure 4-7 Map of Time-Averaged, Mean Percent (%) Solubility of Chloroform
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4.1.3.6 Methylene Chloride

Chemical inventory data was not found for MC use at the RFP. However, significant use of MC occurred
in B-889 during the 1960°s and 1970’s for clean-up of oralloy line equipment (ChemRisk, 1992).
Known uses of MC at the RFP included:

e B-374 Treatment of liquid process wastes;

e B-460 An ingredient of the Cee Bee solution used in the aqueous component
= = = -cleaningling; - - - - o0

e ' B-771 Found in paints and paint strippers;
e B-776 Presentin wet wastes; and

e B-881 Used in several laboratories and process areas for sample preparation.

Time-average, mean percent (%) solubility calculations were performed for MC in groundwater. The
results are shown on Figure 4-8 and indicate that no MC solubilities exceeded 0.09%. The most elevated
MC concentrations are at or near the 903 Pad where it’s probably a daughter of CT biodegradation.
These low observed solubilities suggest that MC use at the RFP was not of sufficient volume to result in
NAPLs in the UHSU.
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Figure 4-8 Map of Time -Averaged, Mean Percent (%) Solubility of Methylene Chloride

20802978047, 7519228572
AN

Northing (ft)

4.2 Plume Signature Areas

The seven PSAs of special interest to VOC fate and transport modelers were selected for natural
attenuation evaluation. Existing information about each of these PSAs is summarized in the following
sections and are shown on Figures 3-2 and 4-1. The PSAs are outlined by rectangular boundaries. Each
boundary encloses a CAH source area, a small upgradient background area, and a larger downgradient
area that contains the plume. The maximum areal extent of the PSA boundaries is subjective but they are
intended to minimize the influence of adjacent plumes while maintaining boundaries that are oriented
north-south or east-west. These orientations facilitate both map-making and database queries.

421 PSA2_

PSA2 includes the 903 Pad Plume area. The 903 Pad Plume originates at the 903 Pad, flows east, then
splits and flows both northeast and southeast. This report focuses on the southeast portion of the CAH
plume on the hillside overlooking Woman Creek.

4211 Description and Setting

The 903 Pad sits in a flat area in the southeast corner of the IA (Figure 4-9), south of Central Avenue and
between the 904 Pad and the Southeast Perimeter Road.

~ "’D Review Exemption: CEX-105-01
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4.2.1.2 Local Hydrogeologic Influences and Variations

Because the 903 Pad is located at the top of the hillside overlooking Woman Creek, some groundwater
leaves the pad and flows south or southeast down the hillside towards the creek. Plume maps of this area
show a flow divide that directs much of the plume leaving the Pad to the east and northeast.

4.2.1.3 Historical Releases of Solvents and Fuels

Between 1958 and 1967 about 5,240 drums of Pu and U-contamindted oil were stored at the 903 Pad area
(ChemRisk, 1992). Most of these waste oils came from B-776, B-881 and B-444. Corroded and leaking
drums lead to soil contamination by Pu. The contents of the corroded drums were repackaged for
transport to B-774 for solidification. Pu-contaminated coolant was in 3,572 of the repackaged drums.

4.2.14 Previous Work — Source Area Characterization, Interim Remedial Actions and Natural
Attenuation Evaluations

Pu soil contamination at the pad was covered by fill and asphalt in November 1969. Partial removal of a
highly contaminated subsurface area was reported during the mid-1980’s. Recently, during 2003,

surficial soils were removed from the pad area. No accelerated groundwater remedial actions have been
performed in this area to date.

422 PSA3

PSA3 includes the Ryan’s Pit plume that is sourced from IHSS 109. This area was part of the former
ou2. '

4.2.2.1 Description, Local Physical and Industrial Setting

‘Ryan’s Pit is located about 100 feet southeast of the southeast comer of the 903 Pad (Figure 4-9). Ryan’s

Pit is about 20 feet long by 10 feet wide by 5 feet deep. Because of the proximity of Ryan’s Pit on the
hillside south of the 903 Pad, this evaluation assumes that the areal extent of PSA3 is identical to that of
PSA2. ’

4.2.2.2 Local Hydrogeologic Influences and Variations

Although Rocky Flats Alluvium is present beneath the 903 Pad, the alluvium does not extend down to
Ryan’s Pit. The Ryan’s Pit area is underlain by clay-rich colluvium and reworked Rocky Flats Alluvium.
The Arapahoe No.1 Sandstone subcrops under the alluvium southeast of the 903 Pad beneath the 903
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4-16 |




2,086,000
1

|

P

CENTRAL AVENUE

Y.

\

749,000
i

748,500

R ..

SO

——__

s /////

&

/IHSS 109

Ryan's Pit

~J

Figure ¢-9
903 Pad and Ryan's Pit
Area Location Map

Explanation

o Fow Montorng Well
© Rysn's Pt Perfamance Montaring Well
[ Saisctad 4SS Boundanes

Standard Map Postures

- I Buiiding or other structure

[ Buang - undergrouna structurs
] asement . or turnel
Demolished bulding
e rens

—— Siream, dich, or other drainage facture
§ —— Fence or other barrier

S e Topopraptic Contour (5-Fockt)
™ Topograptic Contour (20-toc)
—— Topographic Contoxr (25-foot)
~—— Topogrephic Contour (100-foot}
= Topographic Contour (500-fot)
—— Povad rosd

——— Oitrond

KAFHFR HILL,

T

Aiyens P Aces S e

!




This page intentionally left blank.

4-18

04-RF-00358

Review Exemption: CEX-105-01



- PSAS includes the-Mound Site Plume area located on the east side of the IA.
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Pad/Ryan’s Pit plume (RMRS, 1999b). This sandstone has a relative ly large hydraulic conductivity and
may affect contaminant transport from Ryan’s Pit. Caliche is common in these alluvial deposits at
Ryan’s Pit. Slump features are present in this area, including a large scarp face between the 903 Pad and
Ryan’s Pit (RMRS, 1999b). '

The contaminant plume from Ryan’s Pit is primarily confined to the UHSU (RMRS, 1999b).
Groundwater beneath Ryan’s Pit hillside flows down-slope to the south or southeast towards Woman
Creek. The volume of groundwater for contaminant transport is limited because of higher
evapotranspiration on the south-facing slope (RMRS, 1999b). Contaminated groundwater in wells 01298,
01498, and 01698 may eventually discharge to the South Interceptor Ditch and/or to Woman Creek
(RMRS, 19990, p.10).

4.2.2.3 Historical Releases of Solvents and Fuels

Since 1969, Ryan’s Pit was a waste disposal site. During 1971, the pit received non-radioactive liquid
wastes including PCE, TCE, CT, and paint thinner or kerosene (RMRS, 1999b).

4.2.24 Previous Work — Source Area Characterization, Interim Remedial Actions and Natural
Attenuation Evaluations

One hundred and eighty cubic yards of contaminated soil and degraded drums were removed from Ryan’s
Pit during September 1995. The soils were treated in February 1996 and the decontaminated soils were

replaced in August 1996 (RMRS, 1999b). Free phase PCE and motor fuel constituents were found during
the removal action (RMRS, 1999b).

4.2.3 PSAS5

4.2.3.1 Description and Setting

" The Mound Site Plume is located north of Central Avenue and east of the southeast corner of the former

Protected Area (PA). The Mound Site (IHSS 113) was a drum storage area located north of the 903 Pad
(Figure 4-10). Between April 1954 and September 1958, 1,045 drums of oil and solid waste were buried
at the site (ChemRisk, 1992). During March and April 1957, 169 drums of uranium-contaminated oil
were burned there. After September 1958, oil and coolant drums were moved to the Mound area but were
not buried. The drums were removed in May 1970.
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4.2.3.2 Local Hydrogeologic Influences and Variations

The Mound Site is located near the southern edge of the South Walnut Creek drainage basin. Surficial
deposits beneath the site consist of about 12 feet of Rocky Flats Alluvium, colluvium, and slump deposits
with some artificial fill and disturbed soil (RMRS, 1998). Underlying the surficial material is weathered
claystone of the Arapahoe and Laramie formations. The Arapahoe No. 1 Sandstone subcrops beneath the
alluvium at the northeast corer of the Mound Site. The subcrop area contains a number of intermittent
seeps above the South Walnut Creek drainage.

Depth to groundwater fluctuates in this area. The unconsolidated materials are dry most of the year, but
groundwater levels can reach within 3 to 6 feet of ground surface during the wet season. The VOC plume
in Mound Site groundwater extends north from the site and discharges as seeps and subsurface flow into
the South Walnut Creek drainage near the seep at sampling station SW059 (RMRS, 1998). VOC-

" contaminated groundwater has been found in the No. 1 Sandstone and in alluvium and colluvium.

Groundwater appears to flow primarily along the top of the weathered bedrock surface.

4.2.3.3 Historical Releases of Solvents and Fuels

The Mound Site was a drum storage area between 1954 and 1958 that stored 1,405 drums mostly of U-,
Pu-, and Be-contaminated lathe coolant and some drums of PCE (RMRS, 1998). The drums were
removed in 1970 when it was estimated that 10% of the drums had leaked (RMRS, 1998). There are no
records of the volume of contaminants leaked to the soil. However, 140 drums of 55-gallon capacity
could spill a maximum of 7,700 gallons of liquid, of which about 70% may have been hydraulic oil
(5,400 gallons), and 30% carbon tetrachloride (2,300 gallons).

ChemRisk (1992) inventoried the contents and source of wastes in approximately 1,600 drums that were
located at the Mound Site. The inventory included:

o 1,298 drums of oils, stillbottoms and perclene (PCE) from B-444;
o 89 drums of 01ls ‘with carbon tetrachloride from B- 776, T T 7o
e 46 drums of oils with carbon tetrachloride from B-771;

e 85 drums of oils frc;m B-881; and

e 88 drums of dry waste from B-991 and B-441.
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4.2.3.4 Previous Work- Sourée Area Characterization, Interim Remedial Actions and Natural

Attenuation Evaluations

Source area soils contaminated by VOCs were removed from the Mound Site in 1997. Radioactively
contaminated soils were previously removed (RMRS, 1998). Thirty-five VOC compounds have been
detected in the Mound Site Plume, but PCE is the predominant contaminant, historically reaching 528
mg/L in groundwater at well 0174. The reported highest TCE concentration was 18 mg/L (RMRS, 1998).

The Mound Site Plume Treatment System (MSPTS) is located north of the Mound site (Figure 4-1). The
MSPTS uses a reactive zero valent iron barrier to destroy chlorinated organic compounds and immobilize
low activities of uranium. The MSPTS was installed in 1998 and uses a 220-foot long groundwater

collection system that funnels water to two treatment cells.

During 2001, influent and effluent sampling and analysis demonstrated that the MSPTS is effectively
removing the CAHs in the groundwater treated by the system. These data are summarized in Table 4-1
(K-H, 2002a). Naturally occurring biodegradation may be occurring upgradient of the treatment system
as indicated by the presence of the PCE daughter products, TCE and cis-1,2-DCE. Similarly CF and MC
are daughter products of the degradation of CT.

Table 4-1 Influent and Effluent Chemistry at the Mound Treatment System During 2001

Influent Groundwater

Reactor 2 Effluent

" PSA7 includes the East Trenches plume south of Ponds B-2 and B-3.

4-21

CAH Concentration Range Concentration Range
(ng/L) (ng/L)
PCE 44 to 50 Not detected
TCE 74 to 76 Not detected
cis-1,2-DCE 23 to 38 0.26t03
CT 73 to 130 Not detected
CF 20to 23 Not detected to 0.6
|MC ) Not detected Not detected to 6
1,1,1-TCA 34104 "~ Notdetected |
4.24 PSA7
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4.24.1 Description, Local Physical and Industrial Setting

Unlike plumes in the IA, there are no large buildings or paved parking lots in the East Trenches area. A
number of shallow waste disposal trenches were dug east of the IA and filled with drums or other
industrial wastes. Chlorinated solvents migrated from some of these trenches forming the East Trenches
Plume. Figure 4-10 shows the locations of trenches T-3 through T-11. These trenches are labeled with
their IHSS numbers 110 and 111.1 through 111.8.

4.24.2 Local Hydrogeologic Influences .and Variations

CAH plumes originating in the East Trenches area are potentially commingled with CAH plumes
migrating northeastwards from the 903 Pad and potentially from the Mound Site.

RMRS (1999a) states that “the Arapahoe No.l1 Sandstone is present beneath the East Trenches source area
and is a preferential flowpath for contaminated groundwater to migrate towards South Walnut Creek.”
This sandstone is also present at the distal end of the plume and subcrops in the colluvium above South
Walnut Creek. The sand is believed to carry most of the contaminant flux north or northeast towards the
creek. This groundwater discharges as seeps on the hillside above the creek or migrates through the
Valley Fill Alluvium that underlies the creek.

The hydraulic gradient is northwards at 0.14 ft/ft in the vicinity of well 23697. Geometric mean hydraulic
conductivities in the East Trenches Area are 7.9E-4 cm/sec in weathered Arapahoe No.l sandstone; 2.1E-
4 in weathered Arapahoe/Laramie sandstones other than the No.1 Sand; 9.3E-5 cm/sec in colluvxum,
9.98E-7 cm/sec in weathered Arapahoe/Laramie claystone (RMRS, 1999a).

Surface water sampling of Pond B-2 during February 1998 found 400 pg/L TCE; 100 pg/L cis-1,2-DCE;
18 pg/L CT; 14 ug/L CF; and 16 pg/L PCE (RMRS, 1999a). Seep water above Pond B-2, SW00298, was
also analyzed during this period and contained 120 pg/L PCE; 970 pg/L TCE; 32 pug/L cis-1,2-DCE; 98

k/L CT; and 30 pg/L CF.

- 4243 Historical Releases of Solvents and Fuels

Trenches T-3 (IHSS 110) and T-4 (IHSS 111.1) were located 300 to 600 feet east of the East Perimeter
Road and several hundred feet north of the East Access Road. These trenches were used between 1964
and 1967 for disposal of crushed drums, VOCs, and sewage sludge containing low level Pu and U
(RMRS, 1999).
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The mai contaminants in the East Trenches groundwater plume are VOCs from the T-3 and T-4 source
areas. Petroleum compounds, semivolatile organics, and U-238 were also detected in the source area

.(RMRS, 1999).

- 42.44 Previous Work — Source Area Characterization, Interim Remedial Actions and Natural
Attenuation Evaluations

The primary source area for the East Trenches plume was excavated as part of an accelerated action in
1996 (RMRS, 1999). Soil and debris removed from the trenches was treated by thermal desorption to
remove the VOCs, which were mainly CT, TCE, and PCE. Treated soil that was below Tier II action
levels was returned to the excavation and the area was revegetated. Radiologically-contaminated soils
with activities below Tier I were wrapped in geotextile material and re-buried in the T-4 excavation
(RMRS, 1999).

The East Trenches Plume Treatment System (ETPTS) was installed in 1999 and consists of a 1,200 foot
long groundwater collection system and two zero valent iron reactive treatment cells (K-H, 2002a).
These cells use zero valent iron to destroy CAHs in the influent groundwater. The ETPTS is located
south of the B-series ponds and north of the East Trenches Plume area (Figure 4-10).

During 2001, K-H (2002a) indicated that the main contaminants in the influent water included TCE
(2,500 to 2,900 ug/L); PCE (240 to 350 pg/L); CT at 160 pg/L; CF at 79 to 84 pg/L; and cis-1,2-DCE (up
to 32 ug/L). The ETPTS effectively removed these VOCs from the effluent groundwater.

4.2.5 PSA10

PSA10 includes the CAH plume found in the B-444/B-460 area. This plume generally migrates to the
southeast.

4.25.1 Description and Setting

PSA 10 is located near B-460, B-444, and B-664. These buildings are located in the southwestern IA.
Manufacturing of stainless steel parts was performed at B-460.

4.2.5.2 Local Hydrogeologic Influences and Variations

An east-west trending groundwater flow divide crosses the north end of PSA10. UHSU groundwater
located south of this divide generally flows southeast towards Woman Creek.

Review Exemption: CEX-105-01
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4.2.5.3 Historical Releases of Solvents and Fuels

B443 was formerly a steam plant. Four underground diesel oil tanks are located along the east side of
B443. Subsurface coring operations were conducted between the tanks by ER during August 2003 as part
of the B443 Closure Investigation. At least 4 of the borings encountered Number 6 diesel oil (Bunker oil)
in core and borehole materials. Liquid diesel oil was visible in some of the core and diesel stain occurred
elsewhere. One of the cores contained oil to a depth of 21.5 feet below ground surface (Walsh and
Stretesky, 2003). The water table was approximately 10 feet below surface during August 2003. There
are few monitoring wells in the area and NAPL has not been observed.

4.2.5.4 Previous Work — Source Area Characterization, Interim Remedial Actions and Natural
Attenuation Evaluations

No records or reports of any source area removal actions have been identified in PSA10.

426 PSA12
PSA12 includes the CAH plume in the B-551/B-552 area.

4.2.6.1 Description and Setting

The CAH plume of PSA12 apparently originates in the B-551/B-552 area and extends northeastwards
towards B-559 and B-566.

4.2.6.2 Local Hydrogeologic Influences and Variations
The groundwater flow direction in this area is to the north or northeast.
"4.2:6.3 “Historical Releases of Solvents-and-Fuels - — . — . . = _
No information on historical releases was found.

4.2.6.4 Previous Work — Source Area Characterization, Interim Remedial Actions and Natural
Attenuation Evaluations

No information was found regarding source term removais in PSA12.
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4.2.7 PSA14
PSA14 includes IHSS 118.1 and is named Multiple Solvent Spills West of Building 730.

4.2.7.1 Description and Setting

IHSS 118.1 is located in the IA between B-730 and B-701. IHSS 118.1 is located south of B-771 and
north of B-776. Various fuel oil tanks and process waste tanks (T-9 and T-10) are located near this IHSS.
Subsurface investigations have been hindered by overhead and underground utilities and nearby
underground process waste tanks. '

4.2.7.2 Local Hydrogeologic Influences and Variations

Locally, groundwater flows to the north around B-771. Flow is locally influenced by the building drain
system of B-771 which diverts groundwater from south to north around the building. This is an area
crowded with buildings, pavement, and storage tanks.

4.2.7.3 Historical Releases of Solvents and Fuels

The main source area for PSA14 is an underground storage tank that contained CT (RMRS, 1997). This
tank was installed in about 1963, removed in 1981, and replaced by an above-ground tank. Numerous
spills of CT occurred before 1970, some up to about 200 gallons (RMRS, 1997). During the late-1970’s,
the nearly full tank was thought to be empty and was refilled, spilling up to 1,000 gallons of CT. The CT
flowed along the street south of B-701, then flowed north along the west side of B-701. During a later
event of unknown date, the tank was again overfilled and 200 to 300 gallons of CT spilled from a vent
pipe to the ground. The intake to the tank failed in June 1981 and released an unknown volume of CT
into the containment structure. Subsurface investigations have found CT DNAPL as a free phase liquid in
a bedrock low located beneath the former subsurface tank.

* Although no reports of fuel releases have been found; No. 2 diesél fiiel was detected in TPH analyses of -

NAPL samples from PSA14 during 1997 (RMRS, 1997, p.16-17). Up to 3,200 mg/L of TPH was found
as a possible NAPL floating on groundwater in one or more wells. PSA14 wells known or suspected to
have contained CT DNAPLs include 05197, 05397, 05497, 05897, 05997, and 18599.

4.2.7.4 Previous Work — Source Area Characterization, Interim Remedial Actions and Natural
Attenuation Evaluations '

During the OU9 Phase I RI in 1995, soil borings were made and subsurface soil and groundwater were
sampled and analyzed. High concentrations of VOCs were detected in soils, notably borehole 02695
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(between 22.0 and 22.8 ft) contained CT at 81,000 mg/kg and CF at 3,800 mg/kg; borehole 02895
(between 22.0 and 22.5 ft) contained CT at 25,000 mg/kg, however, CF was not detected; borehole 02995
(between 26.0 and 27.8 ft) contained CT at 9,800 mg/kg, however, CF was not detected (RMRS, 1997).
Artificial fill material contained wood and trash in some of the borings.

Groundwater samples were collected by Hydropunch at locations adjacent to the soil borings during the
1995 work. Groundwater from boring 2795 separated into two liquid phases, and subsequent chemical
analysis confirmed the presence of a CT DNAPL. The 1995 groundwater analysis from borehole 2795
detected CT at 1,500 ug/L and CF at 450 pg/L; MC was not detected. Acetone was also detected at 110
pg/L and PCE at 14 ug/L in boring 2795. Groundwater sampled and analyzed in 1995 from boring 2695
contained CT at 2,000 pg/L, CF at 1,200 pg/L, and MC at 22 pg/L (RMRS, 1997).

A pre-remedial field investigation took place during September 1997. Eight Geoprobe holes were
planned to determine the extent of the DNAPL in subsurface soils contaminated by CT spills in IHSS
118.1 (RMRS, 1997). If potentially recoverable NAPL had been encountered, additional holes were to be
pushed on 20 foot spacing to define the contamination. The presence of overhead and underground
utilities forced relocation of 7 of the planned borings. The borehole materials were artificial fill and clay,
gravely to sandy clay, and iron-stained sand alluvium. Asphalt fragments were observed in three of the
borings. The bedrock contact was difficult to determine because of reworked bedrock claystone in the fill
material. The borings found groundwater at 6.5 to 8.5 feet, while depth to bedrock was typically 14 to 24
feet below ground surface (RMRS, 1997).

During the 1997 work, DNAPL apparently pooled on the claystone bedrock surface in borehole 05397 at
a depth of 21.5 ft. Boring 05997 encountered DNAPL just above bedrock at a depth of 24 feet. A well
installed at boring 05497 was screened at the 17 to 22 foot depth interval; groundwater samples yielded
DNAPL. An LNAPL slick was also observed during groundwater sampling at boring 05497. Boring
05897 encountered NAPL at a depth below 20 feet and bedrock at 21.4 feet (RMRS, 1997).

Primary contaminants encountered in borehole materials during the 1997 work included CT, CF, and MC.
-w— = .- —-The-latter compounds are-degradation products of CT. However, both CF and MC were known to have
been used in B-776 (RMRS, 1997).

NAPL samples collected during the 1997 investigation were a “dark brown color which is not associated
with carbon tetrachloride” (RMRS, 1997). Analyses indicate that the NAPL samples were primarily CT,
CF, and MC, with generally smaller concentrations of No. 2 diesel fuel up to 3,200 mg/L. Because No. 2
diesel fuel is light brown, the dark brown color of the NAPLs may be from pavement asphalt dissolved by
the CT spills, weathering of the No. 2 diesel, and/or dissolution of a bituminous anti-corrosion coating
from nearby tanks (RMRS, 1997).
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A pit was excavated about 24 feet below ground surface during installation of the T-9 and T-10 process
waste tanks in 1955. The underground CT tank was installed in 1963 at the western edge of the original
excavation. This excavation is believed to be a closed depression in Arapahoe Formation claystone. The
DNAPL is assumed to be the result of spills and leaks from the CT tank installed in 1963. The DNAPL is
found on the bedrock surface of the closed depression in a layer about one-foot thick (RMRS, 1997). The
DNAPL may fill the bottom of the excavation and extend under tanks T-9 and T-10. Low permeability
claystone is believed to prevent downward migration of the CT and the closed basin prevents migration
along the bedrock surface or nearby utility corridors. The water table is about 6 to 9 feet below ground
surface. The total volume of DNAPL present in the excavation has been estimated at 2,000 to 2,900
gallons (RMRS, 1997).

Review Exemption: CEX-105-01
4-29



This page intentionally left blank

4-30

04-RF-00358

Review Exemption: CEX-105-01




ol

04-RF-00358
5 DATAINTERPRETATIONS — NATURAL ATTENUATION AT RFETS

This chapter presents data interpretation and evidence of the extent of natural attenuation occurring in
groundwater environment at the RFETS. Published literature suggests that at many chlorinated solvent
sites, biodegradation is the most important attenuation process removing CAHs from groundwater.
Therefore, this chapter emphasizes chemical evidence of biodegradation at the RFETS.

5.1 SITE-WIDE EVIDENCE OF NATURAL ATTENUATION

This section examines natural attenuation at the RFETS from a site-wide perspective and subsequently
looks at the natural attenuation evidence pertaining to each of the 7 PSAs of special interest.

5.1.1 Biodegradation Screening

Wiedemeier scores were used to assess the evidence of biodegradation in individual monitoring wells
(Wiedemeier et al., 1997; EPA, 1998). The score (explained in Section 3.1.2.1) is based on the concept
that biodegradation will cause predictable changes in groundwater chemistry (EPA, 1998). If most of the
relevant water quality parameters have been measured, then their concentrations may be scored by
assigning points to each parameter. The points for all parameters are summed to produce a Wiedemeier
score for each well. A total of 579 wells were scored using the Wiedemeier criteria. Because a range of
point values for each well, minimum, mean, and maximum scores were computed. Only the maximum

" scores are discussed.

Wiedemeier scores for 579 monitoring wells at the RFETS ranged from a minimum of —3 points to a
maximum of +22 points, with a mean and standard deviation of 3+£3.4 points. The mean plus two
standard deviations (M2SD) was 9.82. About 99.2% of wells at the RFETS have groundwater scores
below 15 points indicating limited to no evidence of biodegradation. About 78% of wells have
Wiedemeier scores below 6 points, indicating inadequate to no evidence for biodegradation. Figure 5-1

--~shows the spatial distribution-of Wiedemeier scores across-the IA and East Trenches areas.- — -~ ~— ~ === ===

Based on presently available data, well 33502 is the only well at the RFETS with that shows strong
evidence of biodegradation. Well 33502 had a maximum score of 22. This well is located in PSA13
which is relatively small and is not discussed in detail in this report. Well 33502 is located under Sage
Avenue, just north of B335.

Groundwater from well 33502 has elevated VC concentrations, ranging up to 1,200 jig/L in February
2003. Potential indicators of biodegradation at well 33502 include elevated mean concentrations of
ferrous iron (22 mg/L) and total iron (30 mg/L), low ORP of -154 mV at field pH 6.95, and detectable
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Figure 5-1 Isopleth Map of Wiedemeier Scores
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sulfide (20 pg/L). DO concentrations in groundwater at well 33502 are relatively low for the RFETS,

averaging 1.6 mg/L.

Only one other well, well 1986, had adequate evidence of biodegradation with a maximum score of 19.
Well 1986 is located in PSA14 about 1500 feet northeast of well 33502. Well 1986 is discussed further in

Section 4.2.7.
All other wells had scores of 14 points or below as indicated below:

e 125 wells fell in the limited evidence of biodegradation category (6 to 14 points);
e 349 wells had inadequate evidence of biodegradation (1 to 5 points); and

. i{undreds of gt;ﬁéf'v'v'ells ancr d;ams éﬁbwed nor positive evxcience of biodeéfai&tioﬁ. :

5.1.2 Point Attenuation Rate Constants from Natural Log C Versus Time Plots

Concentration versus time rate constants (Kp), also called point attenuation rate constants, describe the
attenuation of a CAH plume at a single monitoring well. As described in Section 3.1.3.3, these rate

constants are based on the slope of a plot of In C-vs-T.
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To estimate K, values, 282 plots of In C-vs-T were constructed and the slope calculated. Declining or
attenuating contaminant concentrations through time are indicated by negative slopes when regression
lines are fitted to the plots. Most of the plots (168) exhibited negative slopes, while 114 of the plots had
regression lines with positive slopes, indicating that CAH concentrations were not attenuating. All of
these plots are shown in Appendix A. The K, calculations are presented in Appendix B.

5.1.2.1 Positive Point Attenuation Rate Constants

Recall that plots of negative slope (declining concentrations) yield positive K, values. In other words, a
positive K, value indicates that natural attenuation is occurring. An example of an In C-vs-T with a
negative slope is shown on Figure 5-2. This chart shows that concentrations of PCE and its daughters,
TCE and cis-1,2-DCE, are slowly decréasing with time.. The decreasing concentrations of these
chemicals are indicated by the negative slopes of the fitted regression lines. These slopes are used to
compute K, values. One hundred sixty-eight (168) of the RFETS wells had positive K, values. These K,
values are listed in Table 5-1. Table 5-1 also shows the corresponding half-life for these K, values.

Figure 5-2 Ln C vs Time Plot for PSA2A Well 00491 PCE Decay Series
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K, values are contaminant- and well-specific. They can be used to estimate the time required for a plume
of one contaminant to attenuate and eventually meet an attenuation goal (e.g., Tier II). Spatial assessment
of CAH degradation across a groundwater plume requires adequate well coverage and monitoring of
those wells over a long period of time. The RFETS has a long history of monitoring back to 1986,
however, the monitoring wells are not always ideally located for a natural attenuation analysis.

Published literature at industrial sites suggests that the rate of weathering and attenuation of the DNAPLs
sources are slower than the rate of attenuation of the CAHs dissolved in groundwater. In this case, the
lifecycle of the groundwater plume is controiled by the rate of source attenuation and can be predicted by
K, rates measured for the most contaminated wells (Newell et al., 2002). Plumes meeting these criteria
have concentration profiles that slowly retreat back towards the source area over time.

Actually, because degradation rates vary between wells, the well with the maximum observed
concentration in groundwater may not require the longest attenuation time. Therefore, rate data should
also be examined for wells with the second or third highest contaminant concentrations. Because
different chemicals degrade at different rates in the same well, it is also valuable to report the analyte and
well with the longest predicted time to achieve an attenuation goal (e.g., Tier II) by natural attenuation.
Table 5-1 shows the date that natural attenuation is predicted to achieve Tier IL

Each row of Table 5-1 contains a K;, value and corresponding half-life for a speciﬁc CAH and well. If the
concentration of the chemical in the well at time zero is less than the Tier II action level, then the right-
hand column says “Never Exceeded.” This means that the chemical has not exceeded Tier II during the
period for which we have monitoring data and its concentration should continue to naturally attenuate in
the future. If the chemical concentration at time zero exceeded the Tier II goal, then the K, rate is used to
predict the date when the contaminant is expected to naturally attenuate to meet Tier II.

Table 5-1 Positive Point Attenuation Rate Constants for Wells Located in CAH Plumes

= g
$3 | = | 2 2 ,
: - Tirnt| 85 | po%F | Eg| 8| S5 [Predicted DateTo| -
PSA| Well CAH |Goal | §3 | ST [SE%| 2| 28 | MeetGoallr
wgL)| E2 | 598 £2| 2| 22 |DecayContinues
A S
2 | ooa91 | 1,1-DcA | 3650 |12/2091| -0.00001 | 0.3 [0.0037| 189.8 | Never Exceeded
2 | o491 | 1,1.DCE | 7 [1220/91| -0.00010 | 0.5 [0.0365( 190 | Never Exceeded
2 | oo491 CF 100 | 122001 | 0.00020 | 919 |0.0731] 9.5 Oct 1990
2 | oo491 |cis-1,2DcE| 70 [122001] 000020 | 161 [00731] 95 Nov 1971
2 | o041 cT 5 | 122091 -0.00030 | 2401 [0.1096[ 6.3 Apr 2027
2 | 00491 PCE 5 [122001] -000010 | 336 |o00365 190 Feb 2044
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- =
Tier 11 g é ; 8 § °§ =) g :‘: ’E Predicted Date To
PSA| Well CAH 0(1;;;14) % R k: 5 =g g o ; & g DMeetCGoal If
& 2 5 & g & - ecay Continues
o

2 | 00491 TCE 5 |12/2091| -0.00020 | 1014 |0.0731] 9.5 Mar 2033

2 | 01291 CF 100 | 5/21/92 | -0.00003 | 234 |0.0110| 633 | Never Exceeded

2 | 06591 CF 100 | 5/19/92 | -0.00050 | 623 |0.1826| 3.8 Oct 1989

2 | 06591 cT 5 | 5/19/92 | -0.00020 | 1540 |0.0731] 9.5 Apr 2039

2 | 06691 | 1,1,1-TCA | 200 | 5/19/92 | -0.00070 | 769 |0.2557| 2.7 Aug 1988

2 | 06691 | 1,1-DCA | 3650 | 5/19/92 | -0.00110 | 669 |0.4018| 1.7 Jun 1982

2 | 06691 1,1-DCE 7 | s/19/92| -0.00050 | 239 |o0.1826] 3.8 Feb 1999

2 | 06691 CF 100 | 5/19/92 | -0.00040 | 21750.7 | 0.1461| 4.7 Mar 2029

2 | 06691 MC 5 | 5/19/92 | -0.00110 | 139119 | 0.4018 1.7 Feb 2012

2 | 06691 TCE 5 | 51992 | -0.00008 | 141.1 |0.0292| 237 Sep 2106

2 | 06991 1,1-DCE 7 | 51892 -0.00010 | 0.8 |0.0365| 190 | Never Exceeded
2 | 06991 cT 5 | 51892 -0.00010 | 21.0 ]0.0365] 190 Aug 2031

2 | 0987 MC 5 | 1012/87] -0.00060 | 116 {0.2192] 3.2 Aug 1991

2 | 13191 | 1,1,I-TCA | 200 | 5/19/92 | -0.00050 | 14.1 [0.1826{ 3.8 Nov 1977

2 | 13191 | 1,1-DCA | 3650 | 5/19/92 | -0.00040 | 4.6 |0.1461| 4.7 Never Exceeded
2 | 13191 CF 100 | 5/19/92 | -0.00090 | 5653 |0.3287| 2.1 Aug 1997

2 | 13191 MC 5 | 5/19/92| -0.00090 | 106.6 |0.3287| 2.1 Sep 2001

2 | 13191 PCE 5 | 5/19/92] -0.00010 | 687 |0.0365| 19.0 Feb 2064 .
2 1587 | 1,1,I-TCA | 200 | 9/10/87 | -0.00010 | 3.4 [0.0365| 190 | Never Exceeded
2 1587 1,1-DCE 7 | 9/10/87 | -0.00004 | 5.6 |0.0146] 474 May 1972

2 1587 CF 100 | 9/10/87 [ -0.00020 | 417 |0.0731| 9.5 Sep 1975

2 1587 CcT 5 | 91087 | -0.00020 | 2926.0 | 0.0731] 9.5 Dec 2074
2| 1587 PCE 5 | 971087 -0.00030 | 369.3 |0.1096] 6.3 Dec 2026

2 1587 TCE 5 | 9/10/87 | -0.00030 | 187.8 |0.1096| 6.3 Oct 2020

2 | 90299 TCE s | 8/599 | -0.00050 | 3.7 |0.1826{ 3.8 Nov 1997

3| o02m 1,1-DCE 7 | 8/27/86| -0.00120 | 378 |0.4383| 1.6 Jul 1990

3| o027 CF 100 | 8/27/86 | -0.00030 | 171.0 |0.1096| 6.3 Jul 1991

3| 02m PCE 5 | 8/27/86 | -0.00040 | 915 [o0.1461| 4.7 Jul 2006

3| o02m TCE 5 | 8/27/86 | -0.00060 | 10356.8 | 0.2192] 3.2 Jun 2021

3 | 06791 CF 100 | 52092 | -0.00140 | 08 |os114| 1.4 Jan 1983

3 | 06791 - CT s | s5n20/92] -0.00010 [ 58 |0.0365| 19.0 Jun 1996
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. ]
mern| 2 | 59F| _Ea| 5| £ |PredicwdDaeTo
PSA| Well CAH (;;0/11 '?, g o 2% |F% g v ; 2 g Meet Goal If
g/L)| 2 x 5 & g & ] Decay Continues
O
3 06791 PCE 5 5/20/92 | -0.00160 0.7 0.5844 1.2 Jan 1989
3 07391 1,1,1-TCA 200 | 3/16/92 | -0.00030 4654 |0.1096 6.3 Nov 1999
3 07391 1,1-DCA 3650 | 3/16/92 | -0.00060 340.7 |0.2192 3.2 May 1981
3 07391 1,1-DCE 7 3/16/92 | -0.00020 2359 |0.0731 9.5 May 2040
3 07391 CF 100 | 3/16/92 | -0.00009 | 1719.9 | 0.0329 21.1 Sep 2078
3 07391 |cis-1,2-DCE| 70 | 3/16/92 | -0.00050 | 357.7 |0.1826 3.8 Feb 2001
3 07391 CT 5 3/16/92 | -0.00100 | 1742.0 { 0.3653 1.9 Mar 2008
3 07391 TCE 5 3/16/92 { -0.00009 | 73939.3 | 0.0329 21.1 Apr 2284
3 1187 1,1,1-TCA 200 | 9/16/87 | -0.00040 7.7 0.1461 4.7 May 1965
3 1187 1,1-DCE 7 9/16/87 | -0.00020 7.5 0.0731 9.5 Sep 1988
3 1187 CF 100 | 9/16/87 | -0.00007 97.0 0.0256 27.1 Jul 1986
3 1187 cis-1,2-DCE| 70 9/16/87 | -0.00010 13.4 0.0365 19.0 Never Exceeded
3 1187 CT 5 9/16/87 | -0.00030 | 713.4 | 0.1096 6.3 Dec 2032
3 1187 PCE 5 9/16/87 | -0.00003 37.7 0.0110 63.3 Jan 2172
5 00897 CF 100 | 9/30/97 | -0.00001 3.0 0.0037| 189.8 Never Exceeded
5 00897 MC 5 9/30/97 | -0.00170 | 9296.6 | 0.6209 1.1 Nov 2009
5 0174 TCE 5 8/26/86 | -0.00010 { 2924.3 | 0.0365 19.0 Feb 2161
5 01791 MC 5 12/19/91| -0.00320 14.1 1.1688 0.6 Nov 1992
5 01791 PCE 5 12/19/91] -0.00020 10.2 0.0731 9.5 Sep 2001
5 02291 1,1,1-TCA 200 |12/16/91] -0.00040 10.1 0.1461 4.7 Jul 1971
5 02291 1,1-DCA 3650 | 12/16/91] -0.00020 2.9 0.0731 9.5 Never Exceeded
o |5 | oo | vipee | 7 [12n691] 000020 | 89 00731] 95 | Mario9s
5 02291 CF 100 | 12/16/91| -0.00008 39 0.0292 23.7 Never Exceeded
5 02291 CT 5 12/16/91] -0.00009 0.6 0.0329 21.1 Never Exceeded
5 12091 MC 5 12/19/91} -0.00410 16.7 1.4975 0.5 Oct 1992
5 15699 1,1,1-TCA 200 | 3/10/99 | -0.00060 220 0.2192 3.2 Feb 1989
b 15699 1,1-DCE 7 3/10/99 | -0.00010 63.6 0.0365 19.0 Aug 2059
5 15699 CF 100 | 3/10/99 | -0.00100 24.2 0.3653 1.9 Apr 1995
5 15699 | cis-1,2-DCE| 70 |} 3/10/99 | -0.00120 | 323.4 | 0.4383 1.6 Sep 2002
5 15699 PCE 5 3/10/99 § -0.00150 912.0 | 0.5479 1.3 Sep 2008
5 15699 TCE 5 3/10/99 | -0.00170 | 1819.7 | 0.6209 1.1 Sep 2008
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o
5 1987 PCE 5 | 5/22/90 | -0.00040 | 1048.6 |0.1461| 4.7 Dec 2026
5 1987 TCE 5 | 52290 -0.00040 | 802 |o0.1461| 47 May 2009
s | 2387 MC s | 9n0s7| 000070 | 55 |02557| 2.7 Feb 1988
s | 4386 CT s | 3/11/87) 0.00005 | 27 |0.0183| 380 Mar 1953
7 | 02091 CF 100 |12/14/91] -0.00100 | 04 }0.3653| 1.9 Jan 1977
7 | 02091 CT s |121491| 0.00060 | 0.6 |02192] 32 Dec 1981
7 | 03391 | 1,1,I-TCA | 200 | 12/5/91 | -0.00050 | 4.5 |0.1826] 38 Mar 1971
7 | 03391 1,1-DCE 7 |.12/591| 0.00030 | 4.0 [0.1096 6.3 Dec 1986
7 03391 CF 100 12/5/91 | -0.00010 15.5 0.0365 19.0 Never Exceeded
7 | 03391 TCE 5 | 12/591 | -0.00010 | 693 |o0.0365 190 Nov 2063
7 | 03691 | 1,1,1-TCA | 200 | 6/8/92 | -0.00030 | 63 |0.1096| 6.3 Nov 1960
7 | 03691 1,1-DCE 7 | 6/8/92 | -0.00040 | 53 [o0.1461| 4.7 Jul 1990
7 | 03691 CF 100 | 6/8/92 | -0.00020 | 285 |0.0731| 9.5 Apr 1975
7 | 03691 |cis-1,2-DCE| 70 | 6/8/92 | -0.00003 | 106 |0.0110| 633 | Never Exceeded
7 | 03691 CT 5 | 6/892 | -0.00020 | 3645 |0.0731 95 Feb 2051
7 | 03691 TCE 5 | 6/8/92 | -0.00020 | 555 [0.0731 9.5 May 2025
7 | 0374 | 1,1,I-TCA | 200 | 8/25/86 | -0.00130 | 27.8 |0.4748| 1.5 Jun 1982
7| 0374 1,1-DCE 7 | 8/25/86 | -0.00080 | 114 [02922| 2.4 Apr 1988
7 | 0374 CF 100 | 8/25/86 | -0.00030 | 21.0 |0.1096| 6.3 Jun 1972
7| 0374 CT 5 | 82586 | -0.00060 | 907.5 [0.2192| 3.2 May 2010
7 | 0374 PCE 5 | 8/25/86 | -0.00100 | 3602 [0.3653| 1.9 May 1998
7 | 0374 TCE 5 | 8/25/86 | -0.00100 | 2309 [03653| 1.9 Feb 1997
7 | 11891 | 1,L,I-TCA | 200 |12/19/91| -0.00020 | 3.5 |0.0731| 9.5 | Never Exceeded
7 | 11891 -| 1,1-DCE 7 {1219/91| -0.00010 | 32 |0.0365| 190 Dec 1970
7 | 11891 CF 100 |12/19/91| -0.00004 | 146 |[0.0146| 474 | Never Exceeded
7 | 11891 TCE s {12191 0.00020 | 649 |0.0731 95 Jan 2027
7 | 12191 | 1,1,I-TCA | 200 | 3/16/92 | -0.00050 | 7.5 |0.1826] 3.8 Mar 1974
7 | 12191 1,1-DCE 7 | 301692 0.00020 | 5.1 |0.0731 95 Dec 1987
7 | 12191 CF 100 | 3/16/92 | -0.00010 | 7.9 [0.0365| 19.0 | Never Exceeded
7 | 12191 CT s | 31692 -0.00004 | 1953 |o0.0146| 474 Jan 2243
7 | 12191 TCE s | 31692 0.00006 | 409 |00219] 316 Feb 2088
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7 | 2487 PCE 5 | 6790 | -0.00010 | 2.8 |0.0365| 19.0 Mar 1974

7 | 2587 CF 100 | 9/10/87 | -0.00010 | 3.8 [0.0365| 190 | Never Exceeded
7 | 2587 cT 5 | 9/10/87| -0.00004 [ 913 |0.0146| 474 Jun 2186

7 | 2587 MC 5 | 9/10/87| -0.00020 | 106 |0.0731| 95 Dec 1997

7 | 2587 PCE 5 | 9/10/87| -0.00020 | 3441 |0.0731| 95 Aug 2045

7 | 2587 TCE 5 | o/10/87| -0.00030 | 861 |0.1096| 6.3 Sep 2013

10 | 40499 | 1,1-DCA | 3650 | 11/9/99 | -0.00230 | 03 |0.8401| 0.8 Sep 1988

10 | 40499 |cis-1,2-DCE| 70 | 11/9/99| -0.00130 | 8.1 |0.4748| 1.5 Apr.1995

10 | 40499 PCE 5 | 11/999 | 0.00120 | 117 |04383| 1.6 Oct 2001

10 | 40499 TCE 5 | 11/9/99] 000120 | 2.7 |04383| 1.6 Jun 1998

10 | 41299 | 1,1-DCA | 3650 | 11/9/99 | -0.00130 | 3.2 |0.4748| 1.5 Jan 1985

10| 41299 | 1L,ILDCE | 7 | 11/9/99 | 0.00120 | 159 |[0.4383| 16 Sep 2001

10 | 41299 |cis-1,2-DCE| 70 | 11/9/99 | -0.00110 | 73.0 |[o0.4018| 1.7 Dec 1999

10 | 41299 PCE 5 | 11/9/99 | -0.00070 | 365.5 |0.2557{ 2.7 Aug 2016

10 | 41299 TCE s | 11/9/99 | -0.00080 | 562 {02022| 24 Feb 2008

10 | P416889 | 1,1,1-TCA | 200 |11/23/93| -0.00050 | 0.9 |0.1826| 3.8 Mar 1964

10 | P416889 | 1,1-DCA | 3650 |11/23/93| 0.00020 | 1.1 [0.0731| 9.5 | Never Exceeded
10 | P416889 | 1,-DCE | 7 |11/23/93( 0.00030 | 4.2 |[0.1096| 6.3 Mar 1989

10 | P416889 | cis-1,2-DCE| 70 |11/23/93| -0.00030 | 8.4 |0.1096| 6.3 Jul 1974

10 | P416889 |  PCE s |11/23/93 -0.00003 | 448 |0.0110| 633 - Dec 2193

10 | P416889 TCE 5 [11/23/93| -0.000005 | 3.3 |0.0018 379.5 | Never Exceeded
10 | P419689 | 1,1,1-TCA | 200 |11/19/93] -0.00080 | 0.8 |0.2922]| 2.4 Nov 1974
10 | P419689 | 1,1-DCA | 3650 [11/19/93] -0.00040 | 5.0 |0.1461 4.7 | Never Exceeded
10 | P419689 | 1,I-DCE | 7 |11/19/93| 0.00040 | 2.7 |[0.1461| 4.7 May 1987
10 | P419689 CF 100 |11/19/93| 0.00003 | 08 [0.0110| 633 | Never Exceeded
10 | P419689 |cis-1,2-DCE| 70 |11/19/93| -0.00009 | 8.2 |0.0329| 211 | NeverExceeded
10 | P419689 PCE s |11719/93] -0.00010 | 252 |0.0365| 19.0 Mar 2038

10 | P419689 TCE s |11/1993] -0.00020 | 28 |0.0731] 9.5 Jan 1986

12| 198 | 1,-DCA | 3650 | 9/18/86 | -0.00050 | 3.7 |0.1826] 3.8 | Never Exceeded
12 | 1986 |cis-1,2-DCE| 70 | 9/18/86 [ -0.00060 | 2.8 [0.2192] 3.2 Dec 1971

12 |. 1986 MC s | 9/18/86 | -0.00060 | 8.6 |02192] 32 Mar 1989
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12| 1986 “al‘;sc';f' 70 | 9/18/86 | -0.00100 | 5.1 [03653 1.9 Jul 1979
12 | 21298 "CF 100 | 9/22/98 | -0.00004 | 7.0 {00146 474 | Never Exceeded
12 | 21298 CT 5 | 9/22/98 | -0.00003 | 11.1 {0.0110{ 633 Jul 2071
12 | 21598 | - TCE 5 | 9/23/98 | -0.00010 | 853 |0.0365| 19.0 May 2076
12| 21798 | 1,-DcA | 3650 | 9/15/98 | -0.00050 | 7.4 |0.1826| 3.8 Sep 1964
12| 21798 |cis-12-DCE| 70 | 971598 | -0.00008 [ 119 |0.0292] 237 | Never Exceeded
12 | 21898 | 1,1-DCA | 3650 | 9/22/98 | -0.00020 | 1.0 |0.0731| = 9.5 Never Exceeded
12| 84702 | 1,1,1-TcA | 200 | 4/9/02 | -0.00380 | 199 |1.3880| 0.5 Aug 2000
12| 84702 | 1,1-DCA | 3650 | 4/9/02 | -0.00190 | 66.1 |0.6940| 1.0 Jun 1996
12| 84702 | 1,1-DCE | 7 | 4/9/02 | 0.00370 | 1156 |1.3514| 0.5 May 2004
12 | 84702 CF 100 | 4/9/02 | -0.00110 | 0.7 |0.4018| 1.7 Nov 1989
12 | 84702 |chloroethane| 29.4 | 4/9/02 | -0.00270 | 5.8 |0.9862| 0.7 Aug 2000
12 | 84702 |cis-1,2-DCE| 70 | 4/9/02 | -0.00250 | 121 |09131] 08 May 2000
12 | 84702 PCE 5 | 4/9/02 | -0.00370 | 4183 |1.3514| 0.5 Jul 2005
12 | 84702 TCE 5 | 4/9/02 | -0.00330 | 950 |1.2053 0.6 Sep 2004
12 | P114789 CF 100 |11/22/93] -0.00030 | 0.6 |o0.1096 6.3 Never Exceeded
12 | P114789 | cis-1,2-DCE| 70 |11/22/93] -0.00030 | 9.5 |0.1096] 6.3 Aug 1975
12 | P114789 MC 5 |11/22/93] -0.00030 | 09 |0.1096| 6.3 Jun 1978
12 | P114789 TCE 5 |11/22/93| -0.00040 | 4.3 |0.1461| 4.7 Nov 1992
14 | 18199 MC 5 | 31799 | -0.00220 | 6267 [0.8036] 0.9 Mar 2005
14 | 18199 TCE 5 | 31799 | -0.00007 | 3.7 "|0.0256| 27.1 Oct 1987
14| 18499 | McC__ |5 | 31799 -0.00110_| 4356 _|04018| 1.7 | _ Apr2010 ___

14 | 18499 PCE 5 | 31799 | -0.00020 | 117.0 |0.0731| 9.5 May 2042
14 | 18599 CF 100 | 3/2/99 | -0.00130 | 2658.5 | 0.4748( 1.5 Jan 2006
14 | 18599 CT 5 | 3/299 | -0.00070 | 144392 | 0.2557 2.7 May 2030
14 | 18699 | 1,1-DCA | 3650 | 3/17/99 | -0.00110 | 1.5 |[0.4018| 1.7 Oct 1979
14 | 18799 | 1,1-DCA | 3650 | 3/17/99 | -0.00110 | 33 ]04018| 1.7 Oct 1981
14 | 18799 CF 100 | 3/17/99 | -0.00001 | 529.1 |0.0037| 189.8 May 2455
14 | 18799 MC s | 3n799| -0.00210 | 277 [0.7670] 0.9 Jun 2001
14 | 20998 CF 100 | 9/22/98 | -0.00020 | 812 |[0.0731| 95 Nov 1995
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14 | 20998 MC s | 922/98 | 0.00230 | 144 |0.8401| 0.8 Dec 1999
14 | 21002 cr s |[11/11/02] 0.00340 | 2982.7 | 12419 0.6 Jan 2008 -
14 | 21002 PCE s | 1/11/02] -0.00010 | 26 |0.0365| 19.0 Sep 1984
14 | 21098 CF 100 | 9/22/98 | -0.00060 | 439.8 {02192 3.2 Jun 2005
14 | 2269 CF 100 | 2/4/97 | -0.00020 | 1.0 [0.0731] 9.5 | Never Exceeded
771FD :
4 | Sure PCE s | 3/26/99 | 0.00070 | 108 |0.2557| 2.7 Mar 2002
14 | 77492 |cis-1,2-DCE| 70 | 3/22/93 | -0.00010 | 0.6 }0.0365| 190 | Never Exceeded

If all of the half-lives for positive K, values are grouped by chemical some interesting statistics emerge.
Table 5-2 arranges the CAH parents and daughters in order of their average point attenuation half-lives in
the RFETS groundwater. There is only one rate measurement for chloroethane (CA), but at 0.7 years, it
has the shortest half-life of the CAHs investigated. The published literature indicates that CA has a
hydrolysis half-life of 0.12 years, so the agreement between the Site and literature values is reasonable .

Table 52 Point Attenuation Halflives of CAH Compounds in Groundwater

cAH Wt | Moot | G| Devinton | yNumberof
(years) (years) (years)
CA 0.70 0.70 0.70 0.0 1
trans-1,2-DCE 1.90 1.90 1.90 0.0 1
MC 0.46 251 9.5 2.5 14
1,1,1-TCA 0.50 5.07 19.0 4.4 15
1,1-DCE 0.51 10.74 474 112 18
‘leis-1,22DCE | 076 1290 633 | 166 14
PCE 0.51 13.88 633 18.3 20
1,1-DCA 0.83 16.46. 189.8 48.0 15
CT 0.56 18.10 633 19.2 17
TCE 0.58 26.72 379.5 774 23
CF 1.36 28.22 189.8 48.1 29

Of the parent solvents, 1,1,1-TCA is expected to have a relatively short half-life because its hydrolysis
half-life is 0.5 to 2.5 years. In the RFETS groundwater, the mean half-life of 1,1,1-TCA is comparable at
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5 years. TCE, CT, and PCE are the longest lived parent CAHs with a half-lives of 27, 18, and 14 years,
respectively. CF is the first daughter of CT and has the longest mean half-life, 28 years, of any CAH in
the RFETS groundwater. MC, the second daughter of CT, is readily attenuated and has a short half-life of
2.5 years. '

5.1.2.2 Negative Point Attenuation Rate Constants

Not all of the calculated K, values were positive. One hundred fourteen (114) of the In C-vs-T plots
exhibited positive regression slopes indicating that chemical concentrations were actually increasing
through time at selected wells. The corresponding K,, values and half-lives are negative indicating that
concentrations are increasing faster than natural attenuation processes can lower them. Therefore, net
attenuation is not occurring. An example of an In C-vs-T plot with a positive slope (i.e., negative K,) is
shown on Figure 5-3.

Table 5-3 lists 114 negative K, values and corresponding half-lives. This table is similar to Table 5-1
except the concentrations are increasing. Therefore, if the time zero concentration was below Tier 11, the
right-hand column predicts the date when the CAH might exceed Tier II. On the other hand, if the
contaminant concentration at time zero was greater than Tier 11, then the CAH concentration is predicted
to continue to increase and the right-hand column says “Always Exceeded.” -

Figure 5-3 Ln C vs Time Plot for PSASA Well 02291 PCE Decay Series
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Table 5-3. Negative Point Attenuation Rate Constants for Wells Located in CAH Plumes

"]
P _g" - ,§ = Predicted Date To
Tier II| & & w e g~ g & % | Exceed Goal If
@ e e e -] © - =l g -
PSA| Well CAH Goal | 53 o | = E g v o Concentrations
wgL)| 2 2 6 2 g 2 =2 Continue To
a = S b Increase
ol
2 | 01291 CT 5 5/21/92 | 0.00002 9.7 0.0073 | -94.9 | Always Exceeded
2 | 01291 PCE 5 5/21/92 | 0.0002 1.0 -0.0731 9.5 Dec 2013
2 | 01291 TCE 5 5/21/92 | 0.0003 6.2 0.1096 | -6.3 May 1990
2 | 06591 1,1-DCA 3650 | 5/19/92 | 0.0035 0.7 -1.2784 | 0.5 Jan 1999
2 | 06691 |Chloromethane| 6.55 | 5/19/92 | 0.0079 444 | -2.8855 0.2 Sep 1991
2 | 06691 | cis-1,2-DCE | 70 | 5/19/92 [0.000004] 3.0 -0.0015 | 474.4 Jun 4145
2 | 06691 CT 5 5/19/92 | 0.0006 | 23458.8 | -0.2192 | -3.2 Oct 1953
2 | 06991 | cis-1,2-DCE | 70 | 5/18/92 | 0.0004 179 | -0.1461 4.7 Sep 2001
2 | 06991 PCE 5 5/18/92 | 0.0004 952 | -0.1461 4.7 Mar 1972
2 | 06991 TCE 5 5/18/92 | 0.0004 4.0 -0.1461 4.7 Nov 1993
2 | 13191 1,1-DCE 7 5/19/92 | 0.00006 | 16.5 | -0.0219 | -31.6 Mar 1953
2 | 13191 | cis-1,22DCE | 70 | 5/19/92 | 0.0004 2.2 0.1461 4.7 Feb 2016
2 | 13191 CT 5 5/19/92 | 0.0004 | 13204 | -0.1461 4.7 Mar 1954
2 | 13191 TCE 5 5/19/92 | 0.0001 6.8 -0.0365 | -19.0 Nov 1983
2 | 90299 CF 100 | 8/5/99 | 0.0003 2.6 0.1096 | -6.3 Dec 2032
2 | 90299 CT 5 8/5/99 | 0.0002 1.0 <0.0731 9.5 May 2021
3 | 0271 1,1,1-TCA 200 | 8/27/86 | 0.0003 108 | -0.1096 | -6.3 Apr2013
3 | 0271 1,1-DCA 3650 | 8/27/86 | 0.0008 5.6 02922 [ -24 Nov 2008
3 | 0271 MC 5 8/27/86 | 0.0008 2.3 0.2922 2.4 Apr 1989
3 | 0271 |trans-12-DCE| 70 | 8/27/86 | 0.0008 266 | -02922| -2.4 Dec 1989
3 | 07391 MC 5 3/16/92 | 0.0014 976 | -0.5114 | -1.4 May 1986
3 | 07391 PCE 5 3/16/92 |0.000003| 1025.6 | -0.0011 | -632.5 | Always Exceeded
3| 1187 TCE 5 9/16/87 | 0.0002 | 1334.6 | -0.0731 9.5 | Always Exceeded
5 | 00897 | cis-1,2-DCE | 70 | 9/30/97 | 0.0003 368 | -0.1096 | -6.3 Aug 2003
5 | 00897 PCE 5 | 9/30/97 | 0.0003 | 107483 | -0.1096 | -6.3 | AlwaysExceeded
5 | 00897 TCE 5 9/30/97 | 0.00002 | 1371.1 | -0.0073 | -94.9 | Always Exceeded
5 | 0174 PCE 5 8/26/86 | 0.0003 | 203554 | -0.1096 | 6.3 | Always Exceeded
5 | 01791 TCE 5 ]12/19/91 | 0.0001 0.3 0.0365 | -19.0 Nov 2073
5 | 02291 | cis-1,22DCE | 70 | 12/16/91 |0.000002] 18.0 | -0.0007 | -948.8 Jul 3854
5 | 02291 MC 5 |12/16/91 | 0.0002 286 | -0.0731 9.5 Jan 1968
5 | 02291 PCE s | 1216/91 | 0.0004 | 1161.5 | -0.1461 4.7 Aug 1954
5 | 02291 TCE 5 ]12/16/91 | 0.0003 | 2126 | 0.1096 | -6.3 Sep 1957
5 | 12091 PCE 5 | 12/19/91 | 0.00001 0.3 -0.0037 | -189.8 Oct 2743
5 | 15699 1,1-DCA 3650 | 3/10/99 | 0.00005 [ 195 | -0.0183 | -38.0 Oct 2285
5 | 15699 MC 5 3/10/99 | 0.0061 251 | 22280 | -0.3 Jun 1998
Review Exemption: CEX-105-01
5-12



04-RF-00358

-4
P §' - ,§ a Predicted Date To
Tier 11 § & : > g5 g & ? Exceed Goal Hf
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-t
5 75992 MC 5 8/17/94 | 0.0041 0.0 -1.4975 0.5 Dec 1997
7 02091 cis-1,2-DCE 70 12/14/91 | 0.000007 844 -0.0026 -271.1 | Always Exceeded
7 02091 MC 5 12/14/91 | 0.0129 0.0 4.7117 -0.1 Dec 1993
7 | 02091 PCE 5 12/14/91 | 0.0003 | 2552.9 | -0.1096 6.3 Always Exceeded
7 02091 TCE 5 12/14/91 | 0.00006 ‘ 163.8 -0.0219 -31.6 | Always Exceeded
7 | 03391 | cis-1,2-DCE 70 12/5/91 | 0.00006 17.5 -0.0219 -31.6 Mar 2055
7 | 03391 CcT 5 12/5/91 | 0.0001 302.8 | -0.0365 -19.0 | Always Exceeded
7 03391 PCE 5 12/5/91 { 0.0001 190.8 -0.0365 -19.0 | Always Exceeded
7 03691 MC 5 6/8/92 0.0028 0.2 -1.0227 0.7 May 1995
7 | 03691 PCE 5 6/8/92 | 0.00006 | 212.9 | -0.0219 | -31.6 | Always Exceeded
7 0374 MC 5 8/25/86 | 0.00001 4.1 -0.0037 -189.8 Apr 2044
7 | 11891 1,1-DCA 3650 | 12/19/91 | 0.00006 0.3 -0.0219 | -31.6 Nov 2425
7 | 11891 | cis-1,2-DCE 70 | 12/19/91 | 0.00006 14.7 -0.0219 | -31.6 Apr 2063
7 | 11891 CT 5 12/19/91 | 0.00009 | 314.3 | -0.0329 | -21.1 | Always Exceeded
7 | 11891 MC 5 12/19/91 | 0.0004 3.8 -0.1461 4.7 Oct 1993
7 | 11891, PCE 5 12/19/91 | 0.00007 166.1 -0.0256 -27.1 Always Exceeded
7 12191 -| ‘cis-1,2-DCE 70 3/16/92 | 0.00009 9.5 -0.0329 -21.1 Jan 2053
7 12191 MC 5 3/16/92 | 0.0001 25.0 -0.0365 -19.0 | Always Exceeded
7 12191 PCE 5 3/16/92 0.l0001 202.9 | -0.0365 -19.0 | Always Exceeded
7 24193 1,1,1-TCA 200 | 10/22/93 | 0.0016 47.7 -0.5844 -1.2 Apr 1996
-7 [ 24193 [--1,1-DCE__ |- 7 [|1022/93- 0.0008 | 277 | -0.2922 | 2.4 |. Feb1989 .| ..
7 24193 CF 100 | 10/22/93 | 0.0015 79.5 -0.5479 -1.3 Mar 1994
7 24193 CT 5 10/22/93 | 0.0015 1060.4 | -0.5479 -1.3 Jan 1984
7 24193 PCE 5 10/22/93 | 0.0018 914.3 -0.6575 -1.1 Nov 1985
7 24193 TCE 5 10/22/93 | 0.0014 64.2 -0.5114 -1.4 Oct 1988
7 24393 1,1,1-TCA 200 | 10/26/93 | 0.0058 6.4 -2.1185 03 Jun 1995
7 24393 1,1-DCE 7 10/26/93 | 0.0058 4.0 -2.1185 0.3 Jan 1994
7 | 24393 CF 100 | 10/26/93 | 0.0061 9.0 -2.2280 -0.3 Nov 1994
7 | 24393 | cis-1,2-DCE 70 | 10/26/93 | 0.0005 8.0 -0.1826 -3.8 Sep 2005
7 24393 CT 5 10/26/93 | 0.0051 223.9 -1.8628 0.4 Oct 1991
7 | 24393 PCE 5 10/26/93 | 0.0033 224.0 | -1.2053 -0.6 Aug 1990
7 24393 TCE 5 10/26/93 | 0.0013 40.1 -0.4748 -1.5 Jun 1989
7 2487 CT 5 6/7/90 | 0.00003 0.9 -0.0110 | -63.3 Jun 2151
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7 2587 | cis-1,2-DCE 70 9/10/87 | 0.0005 1.7 -0.1826 -3.8 Dec 2007
10 | 10498 | cis-1,2-DCE 70 8/12/98 | 0.0006 0.1 -0.2192 -3.2 Sep 2026
10 | 10498 MC 5 8/12/98 | 0.0029 0.5 -1.0592 -0.7 Oct 2000
10 | 10498 PCE 5 8/12/98 | 0.0005 28.0 -0.1826 -3.8 Mar 1989
10 | 10498 TCE 5 8/12/98 | 0.0042 0.0 -1.5341 -0.5 Aug 2001
10 | 40199 CF 100 9/1/99 | 0.0019 0.1 -0.6940 -1.0 Sep 2009
10 | 40199 PCE 5 9/1/99 | 0.0023 0.5 -0.8401 | ~ -0.8 May 2002
10 | 41299 CF 100 | 11/9/99 | 0.0009 1.2 -0.3287 2.1 Apr 2013
10 |P416889 MC 5 11/23/93 | 0.0007 0.7 -0.2557 2.7 Jun 2001
12 | 1986 TCE 5 9/18/86 | 0.0003 6.8 -0.1096 -6.3 Dec 1983
12 | 21498 | cis-1,2-DCE 70 9/22/98 | 0.0011 0.6 -0.4018 -1.7 Jul 2010
12 | 21498 TCE 5 9/22/98 | 0.0006 1.9 -0.2192 -3.2 Feb 2003
12 | 21598 1,1-DCA 3650 | 9/23/98 | 0.00003 1.9 -0.0110 -63.3 Jan 2690
12 | 21598 1,1-DCE 7 9/23/98 | 0.0003 2.8 -0.1096 6.3 Feb 2007
12 | 21598 | cis-1,2-DCE 70 9/23/98 | 0.00009 8.1 -0.0329 -21.1 Jun 2064
12 | 21598 PCE 5 9/23/98 | 0.0001 12.0 -0.0365 -19.0 Sep 1974
12 | 21598 | vinyl chloride 2 9/23/98 | 0.0013 0.4 -0.4748 -1.5 Dec 2001
12 | 21898 | cis-1,2-DCE 70 9/22/98 | 0.00006 4.5 -0.0219 -31.6 Mar 2124
14 | 00600 1,1-DCA 3650 | 6/6/01 0.0015 0.5 -0.5479 -1.3 Oct 2017
14 | 00600 1,1-DCE 7 6/6/01 | 0.0007 0.8 -0.2557 2.7 Dec 2009
14 | 18199 CF 100 | 3/17/99 | 0.0004 | 2818.6 | -0.1461 4.7 May 1976
14 | 18199 CT 5 3/17/99 | 0.0005 { 15717.0 | -0.1826 -3.8 Feb 1955
14 | 18199 PCE 5 3/17/99 | 0.0002 49.8 -0.0731 -9.5 Sep 1967
14 | 18299 CF 100 | 3/17/99 | 0.0013 | 1547.8 | -0.4748 -1.5 Jun 1993
14 | '18299 PCE 5 3/17/99 | 0.0009 25.5 -0.3287 -2.1 Apr 1994
14 | 18499 CF 100 | 3/17/99 | 0.00005 | 5151.8 | -0.0183 -38.0 | Always Exceeded
14 | 18499 | chloromethane | 6.55 | 3/17/99 | 0.0016 9.4 -0.5844 -1.2 Aug 1998
14 | 18499 CT 5 3/17/99 | 0.0003 { 19002.0 | -0.1096 -6.3 Always Exceeded
14 | 18599 MC 5 3/2/99 | 0.0016 | 1293 | -0.5844 |7 -1.2°° Aug 1993
14 | 18799 1,1-DCE 7 3/17/99 | 0.0001 7.1 -0.0365 -19.0 Nov 1998
14 | 18799 CT 5 3/17/99 | 0.0003 504.7 | -0.1096 6.3 Feb 1957
-14 | 18799 PCE 5 3/17/99 | 0.0006 7.0 -0.2192 -3.2 Sep 1997
14 | 18799 TCE 5 3/17/99 { 0.001 0.2 -0.3653 -1.9 Jun 2007
14 | 20898 CF 100 | 9/21/98 | 0.0004 66.0 -0.1461 4.7 Jul 2001
14 | 20898 | cis-1,2-DCE 70 9/21/98 | 0.0006 0.7 -0.2192 -3.2 Aug 2019
14 | 20898 CT 5 9/21/98 | 0.0003 58.1 -0.1096 -6.3 May 1976
i4 | 20898 PCE S 9/21/98 | 0.0002 2.8 -0.0731 -9.5 Aug 2006
14 | 20998 CT 5 9/22/98 | 0.0016 45.3 0.5844 | -1.2 Dec 1994
14 | 20998 PCE 5 9/22/98 | 0.0005 0.3 -0.1826 -3.8 Oct 2014
14 | 21002 CF 100 | 11/11/02 | 0.0008 1943 | -0.2922 -2.4 Aug 2000
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14 | 21002 MC 5 11/11/02 | 0.0024 1.1 -0.8766 0.8 Aug 2004
14 8-61.11;?2 l,l-DCE 7 3/26/99 | 0.0009 1.1 -0.3287 -2.1 Nov 2004
14 771FD CF 100 | 3/26/99 0.001 30.3 -0.3653 -1.9 Jul 2002
OUT#2 i ) ) )
14 (;E;#?Z CT 5 3/26/99 | 0.0018 20.6 -0.6575 -1.1 Jan 1997
14 | 77492 CT 5 3/22/93 | 0.0009 2.8 -0.3287 -2.1 Jan 1995
14 | 77492 MC 5 3/22/93 | 0.0027 0.6 -0.9862 -0.7 May 1995

The conceptual model suggests that locally increasing concentrations of daughter products will occur at
some of the wells (also see Appendix I). Therefore, negative point attenuation rate constants are
understandable for daughter products. However, Table 5-3 also shows numerous parent solvents (CT,
PCE, 1,1,1-TCA, and some TCE) whose concentrations increase through time. Increasing parent
concentrations may suggest that a contaminant source continues to release contaminants to groundwater.
Further discussion of the negative Kp values is provided m Section 5.1.3.2..

5.1.3 Bulk Attenuation Rate Constants from Natural Log C Versus Distance Plots

Approximately 170 plots were prepared showing In C-vs-D for wells located along a contaminant
flowpath (Appendix C). Each plot shows the trend in detected concentrations of a single CAH at multiple
wells located along the flowpath during a selected time window. These plots were prepared to determine
bulk attenuation rate constants (K,) for individual CAHs in each of the 7 PSAs during time intervals with
sufficient data. If three or more data points were available (i.e., the mean concentrations at three or more
wells) and were reasonably linear on the plot, then a regression line was fitted. The K, value equals the
negative slope of the line times the contaminant velocity in appropriate units. The method of computing

“bulk-attenuation rate constants was-described in Section-3.1.2.4. The K, calculations.are presentedin. . . __

Appendix D.

" Because In C-vs-D plots and K, values represent a narrow time window, they are not useful for estimating

plume longevity (Newell et al., 2002). However, they are useful to predict the future plume extent, or
size of a plume, and whether it should grow, shrink, or remain at steady-state. They can also be usedto
estimate biodegradation rate constants for steady-state plumes.
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5.1.3.1 Positive Bulk Attenuation Rate Constants

From a Site-wide perspective, 103 of the plots had regression lines with negative slopes and positive K,
values indicating that the CAH concentrations are naturally attenuating within certain plumes. Calculated
K, values and their corresponding half-lives are listed in Table 5-4. An example of an In C-vs-D plot with
a negative slope is shown on Figure 5-4. This figure shows that cis-1,2-DCE concentrations are steadily
attenuating as groundwater migrates along flowpath A in PSA7 during 2002-2003. '

Table 54 Positive Bulk Attenuation Rate Constants

R g g § ° g S E g 8 -qé

P 0 g 5 -3 = | = g 3 3 B

£ | £ s |E%5| 2 £é _gjhz ¥3 2L
_ R - | g8 g E-2 | %<.

PsA 3y | 5> | 85| =% |83f| 35| gx |§Ec| G228 |
Period o 58 §§,~ £3 1S g5 o8 ,E; %,3 ;mg §-=E

o = -— N

2. : £ = g8 € 8 =8 |22 2€w | &%

- < ~3 = | B s |83

E p 228 g |4 gz

a ] = ue. = = 5

3002

2 | 202 | Li-Dce | -00026 | 0083 | 83 7 341 | 320 | 190 | 609 175 | Grow
2 22‘3223' CF | -00010 | 0047 | 149 100 | 10500 | 466 | 999 | 4654 514 Grow

2002- cis-1,2- .
2 | s | oo | 00009 | 0034 | 203 70 596 | 379 | -47 0 665 | Shrink
2| B2 | cr |-0000 | 004 | 158 5 9960 | 219 | 1736 | 3798 | 2035 | Grow
2 22%%%' PCE | -00017 | 0022 | 316 5 545 129 | 2138 | 2760 1075 | Grow
2 g‘(’)g‘} Mc | -00060 | 0232 | 30 5 98 38.6 29 12 223 | Shrink
2 | Moo | L1-Dca | -00001 | 0004 | 1627 | 3650 1 426 |-19252] o 0 Steady
2 '19935; LI-DCE | -00009 | 0020 | 24.1 7 5 320 | 117 0 634 | Shrink
2 'lggg cF | -00007 | 0033 | 213 100 | 2750 | 466 | 1017 | 4735 484 | Grow
2 ‘1399’;' cr |-00033 | 0072 | 96 5 43550 | 219 | 1256 | 2749 1834 | Grow
2| 951 mc |-00m0| one | 60 5 14510 | 386 | 689 | 2658 1311 | Grow
e llg’;g' 1 pce [ 0003370043 | 1637 5 {4980 | 1297 | ‘1621 | 2092°| 1734 |“Steady’
2 11333' TCE | -00005 | 0013 | 532 5 180 2.1 | 2749 | 7167 1834 | Grow
2 '132‘; 1,1,I-TCA | -00018 | 0026 | 267 | 200 139 | 144 | -126] o 0 Steady
2 "3’;‘; 1,1-DCE | -00043 | 0138 | 50 7 1684 | 320 | 23. 740 15 | Grow
2| ae | cF | -0003 | o061 | 14 100 | 13967 | 466 | 816 | 379 234 | Grow
2 'lg’;‘; cr | -0007 | 0037 | 186 5 63667 | 219 | 2541 | ss60 1434 | Grow
2 ’lg‘;‘g MC | -00040 | 0154 | 45 5 4300 | 386 | 438 | 1689 259 Grow
2 'lg’;‘; PCE | -0.0007 | 0009 | 76.7 5 129 129 | 3597 | 4643 1075 | Grow
2 ‘]g’é TCE | -00005 | 0013 | s32 5 an 261 | 3489 | 9095 1585 | Grow
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erio 9] ?é 5§ 22 53 53: ¥ Eg g R - g g.:g_»
< g 3 = |gzf| S >3 3 3 | 2E; 22
Sl |z 334 I5 |52 | £2%|::
& E =3 EE |23 =5
2 | e [LiiTcaf 00015 | 0022 | 320 | 200 | 638 | 144 [ -527 0 0 Steady
2 | 002 | 11-Dca | 00021 | 0089 | 77 | 3650 | 8as | 426 | -4z 0 0 Steady
2 ‘13323' 1,I-DCE | -00015 | 0048 | 14.4 7 253 | 320 | 268 857 234 Grow
2 ‘13’523’ cF | -00006 | 0028 | 2438 100 | 25035 | 466 | 1976 | 9205 311 | Grow
2 1139;23- cr | -00015 | 0033 | 211 s |286465 | 219 | 2636 | 5769 1634 | Grow
2| e | Mc | -00004 | 0015 | 449 s | 135sa | 386 | s122 | 19762 | 1634 | Grow
2 ‘lg’;’é’ PCE | -00007 | 0009 | 76.7 5 6369 | 129 | 5364 | 6925 1584 | Grow
3| 2| e [ -0010 | o495 | 14 5 33625 | 261 | 17.8 | 464 497 | Steady.
3 22((’)?)‘: MC | -00140 | 0540 | 13 5 2481 | 386 | 115 | 443 677 | Shrink
3 ‘1‘;323' LLITCA| -00172 | 0248 | 28 200 | 4881 | 144 36 52 77 Shrink
3 13’;23' 1,1-DCE | -00124 | 0397 17 7 1964 | 320 8.4 269 97 Grow
s | e | cF [000a| usos | os | 100 | 29 | 3499 | 24 0 0 | steady
2002~ | Gl :
s | 22| el | 00060 | 1710 | 04 70 7s | 2850 | 00 4 15 Shrink
5 22%%' MC | -00094 | 2725 | o3 5 120 | 2899 | 20 576 195 Grow
5 22((’%' TCE | -00017 | 0333 [ 21 5 1200 | 1959 | 165 | 3224 425 Grow
s | 20| mc [-00100| 289 | o2 5 1410 | 2899 | 19 564 375 Grow
s | 200 ece [-00123| 1193 | o6 5 18600 | 970 | 69 668 525 | Grow
5 22%(’)‘: TCE | 00100 | 1959 | o4 5 1600 | 1959 | 29 577 875 | Shrink
s | Joos | MC [-00063| 1826 | o4 5 s067 | 2899 | 38 1099 925 | Steady
5[ 198 [ rce | 00075 Tomr | ro |- s |mar0 | 9707|106 | 10327 | 525 [Grow
s | | cF [-0ow0s | 3614 | 02 100 350 | 3499 | 03 119 147 | Steady
s | le- | mc [-0o00 | o029 | 239 .| 5 | 2000 | 2899 | 2077 | 60210 | 1197 | Grow
5 ‘lgg‘;' TCE | 00015 | 0294 | 24 5 6142 | 1959 | 242 | am2 1197 | Grow -
7 | 202 [ L1-DcE | 00018 [ 0405 | 17 7 22 | 2250 | -29 0 0 Steady
2002- cis-1,2-
7 | 32| el | 0006 | 0427 | 16 70 649 | 2667 | -02 0 0 Steady
7 22%323‘ PCE | -00023 | 0209 | 33 5 3970 | 907 | 320 | 2903 i550 | Grow
7| 22 Tce | -00025 [ o4s8 | 15 5 156 | 1833 | 75 1376 1500 | Steady
7 ‘lg’;' 1,1,1-TCA | -00003 | 0030 | 228 | 200 44 015 | -1253 | o 0 Steady
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Tme | 3 a& | 88 | £ 2 |E28| 28| 2% |#EE| 88 |£4%
PSA < 25 | 8> | 2 = Sz=E| 2 v 5 25 EE|SEE
Period U 5§ sg ER) 53 | g2 5 o8 E!- 258 ;ﬁ.ﬁ s
= < £ = E % E 8 > & g 2 £E€wn | & ?
| > < -~ = s @ ©
E % 297 g8 | £8% &
a S = 2 2 = 2
® B R i <]
7 1996- 1 | |-Dce
ooy | L1- 00009 | 0202 | 34 7 4 | 250 | -23 0 0 Steady
7| | cr | -0002| 0400 | 17 s 4833 | 1538 | 114 | 1758 361 Grow
7 ‘l?,g‘;' 1,1,1-TCA | -0.0058 | 0.589 12 200 | 1235 | 1015 | -08 0 0 Steady
7 'ﬂ,%‘; 1,1-DCE | 00010 | 0225 | 31 7 52 250 | 89 2005 13 Grow
7 '13’;‘;' CF | -00017| 0557 12 100 20 | 3274 | 13 436 8 Grow
1994- cis-1,2-
7| Joos | ot | 0007 | 0453 | 1s 70 166 | 2667 | 1.1 300 150 | Grow
7 'lg’;‘;' cr | -00022] 0338 | 20 5 3300 | 1538 | 192 | 2951 723 Grow
7| 95 | MC | -00024 | 051 L1 5 s85 | 2113 | 38 1025 1050 | Steady
7 ‘gi‘;' PCE | -00022 | 0200 | 35 5 6460 | 907 | 359 | 325 1300 | Grow
7| Yoos | TCE | -00004 | 0073 | 95 5 20 | 1833 | s10 | 9344 1290 | Grow
1992- cis-1,2-
7| WA ] st | o009 | oso7 |14 70 1065 | 2667 | 08 21 170 | Grow
7 113’;' PCE | -00011 | 0100 | 69 5 4608 | 907 | 684 | 6206 1200 | Grow
7 113323‘ TCE | -00013 | 0238 | 29 5 2003 | 1833 | 155 | 2830 1100 | Grow
7| Yooy |LL1TCA| 00029 | 0294 | 24 200 40 015 | 55 0 0 Steady
7 ‘1993(;' 1,1I-DCE | 00054 | 1215 | o6 7 31 250 | 12 276 280 | Steady
1990- cis-1,2-
7 loar | By | 00015 | o400 | 17 70 a7 | 2667 | -10 0 0 Steady
7| ey | cr [ -00009| o138 | so 5 44 | 1538 | 324 | 4985 | 217 | Grow
7| e | Mc | -o0008| 0217 | 32 5 7 m3 | 16 421 458 | Steady
7 '133‘:’ PCE | -00006 | 0054 | 127 5 3056 | 907 | 755 | e8ss 558 Grow
15 7",33‘1’“7 TR | 00003 | 0,055 | 126 TS o4 1833 | s34 9780 900" | Grow
2002- cis-1,2-
10 | 2002 [ e | o0 | 0024 | 290 70 234 | 218 | -458 0 0 Steady
10 i‘(’)%g' PCE | -00004 | 0003 | 2340 5 179 74 | 12082 | 8945 576 Grow
10| 201 mc |-o00i5| 0033 | 209 5 23 | 21 | 450 | 997 890 | Steady
10 é%%‘} PCE | -00006 | 0004 | 1560 5 6274 | 74 | 10878 | 8054 1450 | Grow
10 113’;67' TCE | -00007 | 0010 | 662 5 27 150 | -589 0 0 Steady
12| 2202 [ 11-DCA | 00024 | 0543 | 13 | 3650 | s34 | 2263 | -78 0 0 | Steady
12 %‘(’)%g' 1,I-DCE | -00011 | 0187 | 37 7 852 | 1700 | 134 | 27 552 Grow
12 g‘é‘(’;' MC | -00002 | 0041 | 169 5 07 | 2050 | -480 0 0 Steady
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12| 2021 pce | .00001 [ 0007 | to11 | s | 3007 | ess | 6017 | 41262 | 1022 | Grow
12| 202 f ve o |.00040| 198 | 03 2 o | 4958 | o8 | 37 271 | Grow
12| 15y [niDca|-00032| o724 | 10 | 30 | 7 | 2263 | -s6 o | o0 | sSteay
12| 1oy | 11-DcE | 00002 | 0034 | 204 | 7 2 | 1700 | 368 [ o 1219 | Grow

1998- cis-1,2-
12 | oo | B | -000s2 | ross | o7 70 113 | 2005 | -17 0 0 Steady
12 ';;gg MC | -00019 | 0389 18 5 211 | 2050 | 37 758 67 Grow
12 '19933‘ PCE | -00017 | on7 | s9 5 116 | 686 72 495 17 Grow
12 '1?,32 TCE | -00011 | 0152 | 45 5 834 | 1385 | 185 | 2558 417 Grow
14 22?,%?;' CF | -00056 | 0243 | 29 100 | sess | 434 | 166 | 721 473 Grow
14 22‘(’)?)%' cr | -00071 | 0145 | 48 5 29700 | 204 | 601 | 1224 619 | Grow
14 22‘(’%' MC | -00046 | 0165 | 42 s | 2 | 359 | 161 577 263 Grow
14 22‘(’)%23' PCE | -00062 | 0075 [ 93 5 96 120 | 306 | a7 RYE) Grow
14 22%‘())";' TCE | -00008 | 0019 | 357 5 25 243 | -357 0 0 Steady
14 g‘m 1,1-DCA | -00022 | 0087 | 79 | 3650 11 397 | -929 0 0 Steady
14 i‘(’)g‘; cF | -00067 [ 0291 24 100 | 4696 | 434 | 132 575 583 | Steady
14 228‘())‘; cr | -00032] 0065 | 106 5 25423 | 204 | 1309 | 2667 619 | Grow
14 ggg‘; MC | -00024 | 0086 | 80 5 2038 | 359 | 9.7 | 2504 530 | Grow
14 %gg‘; PCE | -00057 | 0069 | 10.1 5 74.7 120 | 395 474 483 | Steady
14 [ 2001 tce | .0002 | oos3 | 130 [ s 6 | 243 | 34 | 83 69 | Steady
pral ‘l?,gg 1,1-DCA | -00035 | 0139 | 7s0 | 3650 24 7397 | w28 | 0o o Steady
14 llg’;g 1,I-DCE | -00029 | 0086 | 80 7 7 29.8 0.0 0 0 Steady
14 ‘lggg CF |-00037 | 0160 | 43 100 | 2608 | 434 | 203 881 399 Grow
1998~ | sl

14| (o | i | -0009 | 0032 | 218 70 16 353 | -11s8 | o 0 Steady
14 ’lggg cT | -00062] 0126 | 55 5 14073 | 204 | 629 | 1281 700 Grow
14 '12,992 MC | -00043| 0155 | 45 5 2878 | 359 | 262 943 578 Grow
14 ‘1399’;‘ PCE | -00072| 0087 | 80 5 150 120 | 393 41 253 Grow
14 ‘l?,gg' TCE |-00042| 0102 | 68 5 5.5 243 0.9 23 8 Grow
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Data coverage and availability was generally adequate for K, calculation. Except for chloromethane and
chloroethane, K, values were computed for all CAHs of interest during multiple time periods and in
several different areas of the RFETS.

Table 5-4 indicates a wide range of predicted decay times for these CAHs to attenuate in concentration
and reach Tier II. Positive decay durations range from one to more than 1,200 years to attenuate to Tier
H. Negative decay times indicate that the maximum concentration of the CAH was less than Tier II along
the flowpath during the selected time period.

Figure 5-4 Ln C vs Distance Plot for cis-1,2-DCE Along Path PSA7A During 2002-2003
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The calculated K, values predict that most of the plumes will grow in the future. Sixty one of the Ky ™"~ 7 =

values suggest that the plumes will grow, while 35 of the K, values suggest that the plumes are at steady-
state. Only 7 of the K, values suggest that the plumes will shrink. Note that these predictions are for the
period following the end of the time period of calculation which is shown at the left side of Table 5-4. As
expected, the plumes that are predicted to shrink are attenuating faster, i.e., they have an average bulk
attenuation half-life of 7.5 years. In contrast, plumes predicted to grow are attenuating slower, with
average bulk attenuation half-lives of 19.8 years. The half-life of steady-state plumes averaged 15.1
years.
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The bulk attenuation rate data may be grouped in various ways to gain a Site-wide understanding of

" natural attenuation. Grouping the positive bulk attenuation rates by CAH indicates that K, values are

available for 10 CAHs. Arranged from highest to lowest average attenuation rate (per year) these include
VC (1.98), CF (0.66), MC (0.60), cs-1,2-DCE (0.51), TCE (0.28), 1,1-DCA (0.26), 1,1-DCE (0.25),
1,1,1-TCA (0.20), PCE (0.17), CT (0.14). VC has the highest average attenuation rate and is known to be
the most volatile of the CAHs, having a Henry’s Law constant of 1.22 atm-m’/mole. Volatilization alone
does not, however, explain the attenuation ranking of these 10 compounds. For example, CT is the least
attenuated but has the second highest Henry’s constant of 0.03 atm-m’/mole, so it would be expected to
follow VC if volatilization is the predominant attenuation mechanism. Similarly, CF, MC and cis-1,2-
DCE have the lowest Henry’s law constants (0.0043, 0.0027, 0.0037 atm-m’/mole, respectively), and
therefore should have the lowest attenuation rates if volatilization dominated natural attenuation.

Another possibility is that the observed K, order is a function of the reaction rates characteristic of each
CAH, whether by abiotic hydrolysis, oxidation, or biodegradation. Half-lives have been published for
many of these CAHs undergoing abiotic hydrolysis and dehydrohalogenation reactions (EPA, 1998).
However, there seems to be no relationship between these abiotic chemical half-lives and the observed K,
order. Bulk attenuation rates reflect all natural attenuation processes at a site and are normally greater
than the corresponding biodegradation rates. Published biodegradation rates are site-specific and vary
over many orders of magnitude (EPA, 1998). Therefore, published biodegradation rates were not
compared against the mean K, rates of this evaluation.

The K, ranking also does not appear to correlate with K, values for these CAHs. High K, values
indicate strong sorption to the porous medium and strongly sorbed CAHs should produce a high K, value.
Compared with the attenuation ranking discussed above, the opposite is generally seen when the CAHs
are ranked from lowest to highest minimum K, values (ml/g; EPA, 1998). The K, ranking includes VC
(0.4), CF (<34), 1,1-DCA (40), MC (48), cis-1,2-DCE (49), 1,1-DCE (65), TCE (87),, CT (110), 1,1,1-
TCA (183), and PCE (209). The K, values increase from weakly sorbed VC to strongly sorbed PCE.

If biodegradation is the dominant attenuation mechanism and occurs most rapidly in solution and not on

solid surfaces, then a larger fraction of the weakly sorbed CAHs might be more readily biodegraded. It's

possible that this effect makes biodegradation of weakly sorbed CAHs more easily measured via
concentration changes. As the dissolved fraction of a strongly sorbed chemical is biodegraded, the Kq
concept requires that the dissolved fraction be replenished by desorption, thus maintaining the
concentration in solution and yielding a lower bulk degradation rate.

Based on the above comparisons, no single attenuation mechanism appears to be dominant. Grouping the
positive bulk attenuation rates by CAH and then by period, it was noted that the highest bulk attenuation
rates occurred during different time periods for different chemicals. MC, cis-1,2-DCE, and 1,1-DCA
exhibited their highest average K, rates (to date) during 2002-2003. PCE and TCE had their greatest
mean attenuation rates during 2000-2001. The largest mean rate for CT was during 1996-1997. There
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does not seem to be a systematic pattern, as other chemicals had their highest mean rates during older
periods. It is therefore concluded that the bulk attenuation rates reflect the composite effects of many of
the natural attenuation processes.

5.1.3.2 Negative Bulk Attenuation Rate Constants

Sixty-four (64) of the In C-vs-D plots (38%) had regression lines with positive sldpes indicating that the
concentrations of some CAHs were increasing downgradient along the flowpath. The K, values and their
corresponding half-lives calculated using these plots are listed in Table 5-5. The In C-vs-D plots are
included in Appendix C. '

The corresponding K, values are negative because net attenuation is not occurring. Appendix I contains
several figures which show how daughter products may accumulate and peak in concentration before
eventually decaying away. An example of an In C-vs-D plot with a positive slope is shown as Figure 5-5.
This figure shows that the concentrations of CF are steadily increasing along flowpath A in PSA12 during
2002-2003.

Figure 5-5 Ln C vs Distance Plot for Chloroform Along Path PSA7A During 2002-2003
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Table 5-5 Negative Bulk Attenuation Rate Constants

04-RF-00358

PSA P’I;i:;l:d CAH Ln C(-;:;l:t)Slope Bulk A(:)t::u;:;i:)n Rate
2 2002-2003 TCE 0.00001 20.0003
2 2002-2003 1,I-DCA 0.0009 -0.038
2 1998-1999 | cis-1,2-DCE 0.0009 20.034
2 1994-1995 | cis-1,2-DCE 0.0009 20.034
2 1992-1993 | cis-1,2-DCE 0.0011 20.042
2 1992-1993 TCE 0.0006 20016
2 1990-1991 MC 0.0010 20.039
3 1994-1995 CF 0.0103 -0.480
3 1994-1995 PCE 00112 20.145
3 1994-1995 TCE 0.0171 20.446
3 1992-1993 CF 0.0106 2049
3 1992-1993 CT 00113 20247
3 1992-1993 PCE 0.0072 20,093
3 1992-1993 TCE 0.0100 20.261
3 1990-1991 MC 0.0030 0116
5 2000-2001 CF 0.0048 -1.680
5 2000-2001 | cis-1,2-DCE 0.0007 20.200
5 | 1998-1999 1,I-DCE 0.0136 3270
5 1998-1999 CF 0.0057 11,995
5 1998-1999 | cis-1,2-DCE 0.0057 11,625
5 1998-1999 CT 0.0106 11743
5 1998-1999 | trans-12-DCE 0.0034 1154

~ 5 | 19941995 |  PCE — 00161 1561
5 1994-1995 TCE 0.0168 T 3200
5 1992-1993 MC 0.0009 20.261
5 1992-1993 PCE 0.0182 21,765
5 | ' 1992-1993 TCE 00143 -2.801
5 1990-1991 PCE 00152 1474
5 | 1990-1991 TCE 0.0107 -2.09
7 2002-2003 CF 0.0007 20229
7 2002-2003 CT 0.0043 -0.662

5-23
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PSA l}‘:::d CAH Ln C(-;:;I;t)Slope Bulk A(:)t::n;::i:;i Rate
7 1996-1997 CF 0.0019 -0.622
7 1996-1997 cis-1,2-DCE 0.0009 -0.240
7 1996-1997 TCE 0.0002 -0.037
7 1992-1993 - 1,1,1-TCA 0.0020 -0.203
7 1992-1993 1,1-DCE 0.0005 -0.112
7 1992-1993 CF 0.0038 -1.244
7 1992-1993 CT 0.0064 -0.985
7 1992-1993 MC 0.0015 -0.407
7 1992-1993 trans-1,2-DCE 0.0017 -0.540
7 1990-1991 CF 0.0036 -1.179
10 2002-2003 CF 0.0018 -0.048
10 2002-2003 TCE 0.0008 -0.012
10 2000-2001 CF 0.0040 -0.107
10 2000-2001 cis-1,2-DCE 0.0029 -0.063
10 2000-2001 CT 0.0030 -0.038
10 2000-2001 TCE 0.0010 -0.015
10 1998-1999 1,1,I-TCA 0.0013 -0.011
10 1998-1999 1,1-DCA 0.0024 -0.059
10 1998-1999 CF 0.0015 -0.040
10 1998-1999 cis-1,2-DCE 0.0028 -0.061
10 1998-1999 MC 0.0008 -0.018
10 1998-1999 PCE 0.0014 -0.010
10 1998-1999 TCE 0.0027 -0.040
10 1992-1993 PCE 0.0039 -0.029
12 2002-2003 CF 0.0023 -0.569
12 2002-2003 cis-1,2-DCE 0.0012 -0.242
12 2002-2003 TCE 0.0001 -0.014
12 1998-1999 CF 0.0082 -2.029
12 1998-1999 CT 0.0039 -0.453
14 2002-2003 1,I-DCE 0.0003 -0.009
14 2000-2001 1,1-DCE 0.0016 -0.048
14 2000-2001 cis-1,2-DCE 0.0032 -0.113
14 1998-1999 chloromethane 0.0031 -0.136
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Table 5-5 shows that each of the PSAs investigated have between 4 and 14 negative K, values.
Therefore, the increasing concentration trends are areally distributed across the Site and are not localized.

Forty of the 64 negative K,, values (Table 5-5) occur in CAH plumes exceeding Tier II which may
increase in concentration before attenuating. The remaining plumes with 24 negative K, values have
concentrations less than Tier Il may exceed Tier II in the future. However, a few short-term predictions
of future exceedances of Tier Il using the negative K,, values have not proved to be accurate. For
example, PSAS during 1998-1999 (Table 5-5) shows that CF at 25 pg/L is predicted to reach Tier I (100
pg/L) in about 1 year. Although CF does continue to have a negative K, in PSAS during 2000-2001, its
concentration has actually decreased to 16 ug/L in well 15699 which continues to exhibit the highest CF
concentrations along the flowpath. '

Policy decisions affected the groundwater monitoring performed during various periods of the RFETS’
history. Nevertheless, two time periods have the most frequent occurrences of negative K, values. These
include 1992-1993 and 1998-1999. The reason for these frequent occurrences is not known.

As expected, VC does not have any negative K, values. VC should be rapidly oxidized by the elevated
DO concentrations observed in most areas of the RFETS. VC is also the most likely CAH to be lost
through volatilization.,

The most frequent compounds with negative K, rates are CF and TCE, followed by cis-1,2-DCE.
Although CT was heavily used at the RFETS, only 6 negative K,, values were calculated CT. Including

_its daughters, the CT decay series accounts for 24 of the 64 negative K, values. The PCE-TCE decay

series accounts for 31 of the 64 negative K, rates.

CAH concentrations may increase downgradient through several possible mechanisms. For example, the
general conceptual model (Figure 3-5b) shows that daughter products are expected to increase in
concentration along some segments of the plume flowpath before peaking and then attenuating (see also
Appendix I). This is a likely explanation if the In C-vs-D plots with positive slopes happen to span the

data existed along the central flowpaths of CAH plumes at the RFETS, we would expect to see the
complete cycle of increasing, peaking, and attenuating daughter products.

Daughter product concentrations should increase whenever they are being produced more rapidly than
they sorb to the porous medium or decay. Appendix [ indicates that daughter concentrations should
increase to a peak and then decrease, regardless of the relative decay rates of the parent and daughter
compound.

Another potential explanation for increasing CAH concentrations downgradient might be loss of water
through net evapotranspiration. This argument would require that the concentrations of the less volatile
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CAHs increase (along with those of most inorganic ions) as water molecules were removed. The extent
of volatilization of a CAH depends on its vapor pressure and Henry’s Law constant. Henry’s Law states
that the chemical concentration in the air equals the aqueous concentration times the Henry’s Law
constant. This means that the more volatile compounds have larger Henry’s Law constants. The CAH
most likely to be lost from groundwater through volatilization is VC which has a large Henry’s Law
constant of 1.22 atm-m*/mole. By contrast, CT has a Henry’s Law constant of only 0.030 atm-m’/mole
which indicates that it is not significantly volatile. Other CAHs have even smaller Henry’s Law constants,
as low as 0.003 atm-m*/mole for MC (EPA, 1998), and are essentially nonvolatile.

However,l virtually all CAHs have Henry’s Law constants greater than 107 atm-m’/mole and are more
volatile than water (Howard, 1989). Therefore, CAHs are more likely to volatilize during net evaporation
of groundwater than accumulate in groundwater. During transpiration, plant roots would be expected to
remove dissolved CAHs from the UHSU. However, inspection of numerous plots of inorganic
constituents (e.g., nitrate, sulfate, chloride) do not show consistent increases indicative of water loss.
Small increases in chloride concentration may be the natural result of dechlorination reactions (i.e., of .
biodegradation and hydrolysis). The trends are complicated by the potential reduction of some nitrate and
sulfate. These lines of evidence suggest that net evapotranspiration does not account for increasing
downgradient CAH concentrations.

A hypothetical explanation for increasing CAH concentrations downgradient is that sorbed CAHs may be
desorbed from the porous medium because of changes in groundwater quality. This could result from a
change in pH or an ion exchange mechanism where a more strongly sorbed constituent may bind to the
sorption sites, displacing the CAH and resulting in a net increase in CAH concentration downgradient..

~

There is some evidence in the literature that supports this hypothesis. Ky values of chlorinated solvents
are commonly estimated from the TOC content of the porous medium. Naturally occurring organic
matter in sediments often has a high cation exchange capacity (CEC), the magnitude of which varies
strongly with pH (Drever, 1988, p.92). Similarly, the magnitude of K, values are often pH dependent and
may be a function of other ions in groundwater (Langmuir, 1997; Drever, 1988).

In summary, 62% of the In C-vs-D plots had negative slopes and positive K, values indicating that natural
attenuation processes are lowering the CAH concentrations in groundwater at the RFETS. However, 38%
of the In C-vs-D plots indicated that CAHs were locally increasing in concentration faster than they are
naturally attenuated. The most likely explanation for the increasing concentrations is that plume

~ segments with positive slopes show only the rising limb of increasing daughter product concentrations. If

additional monitoring wells were available along the full length of the CAH plume flowpaths, then the
daughter concentrations should peak and then decrease with distance as indicated in the conceptual model
Figure 3-5.
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5.1.4 Biodegradation Rate Constants

Biodegradation rate constants were computed by the 1D method of Buscheck and Alcantar (1995). The
Buscheck and Alcantar method was described in Section 3.1.3.5. Key input data to the method include the
slopes of the In C-vs-D plots and the longitudinal dispersivity. Longitudinal dispersivity was estimated as
10% of the average plume length (Fetter, 1988). The plume length was defined as the length extending
from the maximum contaminant concentration to the farthest downgradient Tier II boundary. This
resulted in a Site-wide longitudinal dispersivity of about 53 feet. The 1D method also requires that the
plume be at steady-state during the time period, otherwise the computed rate constant will be an
approximation of the true biodegradation rate. The biodegradation rate constants were calculated along .
the A flowpaths in each PSA. The resulting calculations are provided in Appendix D.

Thirty-five biodegradation rate constants were computed for individual CAH plumes which are predicted
to be at steady-state based on bulk attenuation rates (Table 5-6). These rates may be thought of as the
fraction of the aqueous concentration of a CAH that is biodegraded per year. Therefore, it does not matter
if the concentration units are pg/L, mg/L, or some other concentration unit. Multiplying the fractional

rate by 100% expresses the rate as a percentage per year (e.g., 0.768 is equal to 76.8%).

Table 5-6 Biodegradation Rate Constants for CAH Plumes at Steady-State

Time 7 rBiodegradation Biodegradation
PSA Period CAH Rate Half-Life
(per year) (years)

7 1994-1995 1,1,1-TCA 0.768 0.9

7 1990-1991 1LLLLI-TCA 0.339 2.0

7 1996-1997 1L,1,I-TCA 0.031 . 224

2 1994-1995 1,1,1-TCA 0.028 244

2 1992-1993 L1,1-TCA 0.023 ' 29.7

12 1998-1999 1,I-DCA ' 0.846 0.8

127717 2002-2003 |~ - 1,I-DCA |~ 0612~ | Lt = [ e e

14 1998-1999 1,LI-DCA 0.164 42

2 1992-1993 1,1-DCA - 0099 7.0

14 2000-2001 1,1-DCA , 0.097 7.1
1998-1999 1,L1-DCA 0.004 161.8
1990-1991 1,1-DCE 1.560 ‘ 04

7 2002-2003 1,1-DCE 0.443 1.6

7 1996-1997 1,1-DCE 0.212 33

14 1998-1999 1,1-DCE 0.100 7.0
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 Time Biodegradation Biodegradation
PSA Period CAH Rate Half-Life
(per year) (years)

-5 1992-1993 CF 5.703 0.1
5 2002-2003 CF 1.845 0.4
14 2000-2001 CF 0.393 1.8
12 1998-1999 cis-1,2-DCE 1.335 0.5
7 2002-2003 cis-1,2-DCE 0.463 1.5
1990-1991 ' ¢is-1,2-DCE 0432 1.6

14 1998-1999 cis-1,2-DCE 0.033 20.8

10 2002-2003 cis-1,2-DCE 0.025 274
5 1998-1999 MC 2432 03
1994-1995 MC 0.733 0.9
1990-1991 MC 0.226 3.1

12 2002-2003 MC 0.041 16.7

10 2000-2001 MC 0.036 194
14 | 2000-2001 PCE 0.089 7.8

2 1998-1999 PCE . 0.050 13.9
2002-2003 TCE 0.990 0.7
2002-2003 TCE 0518 13

14 2000-2001 TCE 0.060 ' 11.6

14 2002-2003 TCE 0.020 34.2

10 1996-1997 TCE 0.011 63.9

The biodegradation rate constants listed in Table 5-6 were grouped by chemical to get a Site-wide
perspective on the range of biodegradation rates. Statistics describing these biodegradation rates are

~—=————shownrin Table 5:7- — B i -~

Notably absent from Table 5-7 is a biodegradation rate for CT because none of the CT plumes were
considered to be at steady-state. However, an approximate biodegradation rate was estimated for CT by
averaging the rates for 10 non-steady-state CT plumes, resulting in a CT biodegradation rate of 0.163 per
year.

Grouping the biodegradation rates by chemical and then by time period did not show any consistent
patterns of average rate versus time period. For example, the fastest average rates for 1,1-DCA and for
1,1-DCE were during 2002-2003, however, the fastest average rate for 1,1,1-TCA occurred during 1994-
1995. For MC the fastest average biodegradation rate was during 1998-1999. Other chemicals lacked
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sufficient rate coverage through time to compare. Appendix E provides a sensitivity analysis of

biodegradation rates determined for CAHs in groundwater at the RFETS.

Table 5-7 Biodegradation Rate Statistics for UHSU Groundwater by CAHs

Minimum Mean Maximum Sample Number of
Biodegradation Biodegradation Biodegradation P
CAH Standard Rate
Rate Rate Rate R
Deviation Measurements
(per year) (per year) (per year)
PCE 0.050 0.069 0.089 0.028 2
TCE 0.011 0.320 0.990 0.431 5
cis-1,2-DCE 10.025 0.457 1.33 0.533 5
1,1,1-TCA 0.023 0.238 0.768 0.326 5
1,1-DCA 0.004 0.304 0.846 0.341 6
1,1-DCE 0.100 0.579 1.56 0.670 4
CF 0.393 2.65 5.70 274 3
MC 0.036 0.694 2.43 1.01 5

larger (i.e., faster giggﬁradatiqr});v -

CF and MC, both CT daughters, have the two highest mean biodegradation rates at 2.65 and 0.694 per
year, respectively. These CAHs also have the highest maximum biodegradation rates. The slowest mean
biodegradation rates (per year) are for the parent solvents include PCE (0.07), TCE (0.32), and 1,1,1-TCA
(0.24). Corresponding biodegradation mean half-lives (in years) for the CAHs listed in Table 57 include
1,1,1-TCA (15.9), 1,1-DCA (30.3), 1,1-DCE (3.0), CF (0.8), cis-1,2-DCE (10.4), MC (8.1), PCE (10.8),
and TCE 22.4 years.

The biodegradation rates at RFETS were compared with those measured at other chlorinated solvent sites.
Table 5-8 contains rate statistics based on a survey of published field and laboratory biodegradation rate
investigations (Aronson and Howard, 1997). It can be seen that all of the RFETS’ mean rates are less
than 1.0 except for CF at 2.65 per year. The mean biodegradation rates for the non-RFETS sites are much

Table 5-8 Biodegradation Rate Statistics for Non-Rocky Flats CAH Plumes and Laboratory
Studies (based on data from Aronson and Howard, 1997)

Ratio of Mean
Cam | Milmme | Mn Rt | M | et | Non RFETS Rt T
pery per y pery & RFETS Mean Rate
PCE 0.0 9.86 150. 36 143
TCE 0.0 4.02 69.4 78 13
1,1,I-TCA 0.0 3.65 21.5 28 15
12-DCA 1.53 2.78 4.02 2 9
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\ Ratio of Mean
Can | Mpimum e | Mo Rae | Mo Rne | ovemanons | NomREETS Rate To
RFETS Mean Rate
CF 1.46 29.2 91.3 12 11
MC 2.34 2.34 2.34 1 3
- CT 0.0 124, 632. 15 760
vC 0.0 6.57 43.8 27 | e

In summary, CAH biodegradation rates in groundwater at the RFETS are at or near the low end of
published biodegradation rate constants. Biodegradation rate constants computed from the 1D method of
Buscheck and Alcantar (1995) are believed to overestimate the true rate constant by up to 65% in
comparison to a more rigorous 3D method (Zhang and Heathcote, 2003). Thus, the true biodegradation
rates at the RFETS are likely to be even lower than those shown in Tables 5-6 and 5-7.

5.1.5 Plume Extent and Dynamics Through Time

Numerous isopleth maps were constructed to portray the spatial distribution of CAHs distributions in
groundwater at the RFETS for selected time periods. This section introduces the CAH distributions at the
RFETS and discusses their behavior. Many isopleth maps are discussed in this section and other useful
maps are included in Appendix F.

5.1.5.1 Interpreting the Computer-Generated Isopieth Maps

CAHs are manmade chemicals that do not occur ubiquitously, but are detected in monit oring wells
located at or downgradient of CAH source areas (e.g., former sites of leaking solvent tanks or drums).
Therefore, knowledge of the absence of a CAH a particular well is as important as its presence at another
monitoring well. For this reason, the contour maps presented in this section show small open circles
indicating the locations of all wells with monitoring data for the mapped analyte, both detected and
nondetected, during the time period. Wells with nondetected analyte concentrations are surrounded by

white space on the map, while wells with detected concentrations are surrounded by one of the 10 colors

(contour intervals) shown in the map legend.

“Because clean areas of groundwater where contaminants are not detected are as important as areas with

detected contaminants, plume boundaries are drawn halfway between a contaminated well and the closest
clean well. However, the data interpolation routine (inverse distance to a power) used both detects and
nondetects at face value in interpolating each pixel of the map and assigning it one of the 10 colors. -
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The presence of CAHs should not be inferred or extrapolated far into regions where there is no data
supporting its existence, e.g., along the edges of a map. Therefore, for CAHs the maximum radius of
influence of each well was usually set to a radius of 300 feet.

Finally, the RFETS has collected almost 18 years of groundwater monitoring data for some analytes.
Each map is a representation of the mean concentrations measured during a two-year time period to
minimize seasonality effects. Therefore, there are up to 9 maps for some of the more important CAHs.
When viewing these maps the reader should look for new areas of well control that may have identified
previously unknown plumes and observe whether plumes have apparently grown or shrunk through time.
Interpretations should be made cautiously because hundreds of wells have been abandoned over the years,
while numerous new wells have been installed, but not always in the same area. The absence of wells in
an area does not necessarily indicate the absence of a plume. However, a plume is probably not present if
the map area shows a number of wells surrounded by white space.

Maps for CAH parent solvents and daughters are grouped and discussed in the following sections. The
logic behind the map groups is as follows:

o Detects and Nondetects — These maps are designed to show maximum amount of available data
(i.e., both detects and nondetects) and the areal extent of CAHs. They also show well locations
where the analyte was analyzed but not detected using open black circles surrounded by white
space; '

e Tier Il Plume Maps — Plumes are defined in this report as areas where aqueous CAH
concentrations exceed Tier II groundwater action levels. These maps show Tier II concentrations
and greater. Only well control is shown below Tier II. To facilitate comparing CAH parent
solvent plumes between time periods, all 9 of the CT plume maps share a common set of contour
intervals. The PCE and TCE plume maps also share a common set of contour intervals; and

e Tier I Plume Maps — Only 6 CAH compounds were found to have plumes with concentrations

1o

greater than Tier I groundwater action'levelsduring 2002:2003Maps-are-included-for-Tier I-- » e
plumes because they may require further evaluation for potential remedial actions. Such
evaluations are not performed in this biodegradation screening report.

5.1.5.2 Detects and Nondetects— CT and Its Daughters

Because RFETS was once the largest user of CT in the U.S., the presence and distribution of CT in
groundwater is important. Nine maps were prepared to show the distribution of CT plumes as they were
known for two-year time periods between 1986 and 2003 (Figures 5-6 through 5-14). The reader may
refer to Figure 4-1 for the locations of buildings mentioned in this section.
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The 1986-1987 and 1988-1989 maps (Figures 5-6 and 5-7) have limited well control within the IA
compared to later periods like 1992-1993 (Figure 5-9). However, the 1986-1987 map shows well
developed CT plumes in the East Trenches area and east and south of the 903 Pad.

During 1986-1987, elevated CT concentrations extended southeast of the 903 Pad down the hillside of the
903 Lip Area almost to Woman Creek (Figure 5-6) and plumes occur on all 9 CT maps through 2002-
2003 (Figure 5-14). Therefore, CT may occur in the Valley Fill Alluvium at Woman Creek.

Figure 5-6 also shows two other CT plumes in 1986-1987. At least two wells detected a plume on the
881 Hillside about 1000 feet east of B-881 in the area formerly known as OU1. The second CT plume is
defined by a single well on the south side of the former Solar Evaporation Pond (SEP) 207C. This may
be related to CT use in B-779. The IHSS 118.1 and Ryan’s Pits CT plumes were not recognized in 1986-
1987 (Figure 5-6).

Comparison of Figures 5-6 and 5-7 shows similar CT plumes, however, Figure 5-7 shows several
additional CT occurrences. The most significant CT occurrence is a well east of B-771 and west of Pond
207C. This well, probably P209289, appears to detect the IHSS 118.1 CT plume.

Well control increases during 1990-1991 and 1992-1993 (Figures 5-8 and 5-9) and as a result the number
of CT occurrences increases. The CT plumes between B-771 and B-779 are better defined, as are the CT
plumes in the East Trenches area. These figures depict the contribution of CT migrating east or northeast
from the 903 Pad to the East Trenches Plume. The other portion of the 903 Pad Plume extends southeast
towards Woman Creek. Figure 5-9 suggests that the IA had reasonably good well control by 1993, and
most of these wells are surrounded by white space (i.e., CT was not detected).

Figure 5-10 shows additional CT occurrences in the central IA during 1994-1995. The 903 Pad and East
Trenches plumes continue to exist on the 1994-1995 and 1996-1997 maps. The IHSS 118.1 CT plume is
easily recognized on Figure 5-11 for 1996-1997. A large number of wells along the Woman Creek

drainage are mostly nondetect in 1994-1995 and 1996-1997, except in an area south of the 903 Pad and in

the former OU1l;~ -~ —— — e e e

The CT plume in IHSS 118.1, between B-771 and B-776, is well defined during 1998-1999 (Figure 5-12).
A line of wells extend down the former drainage, parallel to Sixth Street, between B-371 and B-771 and
suggest that low concentrations of CT occurred in the drainage from an unknown source located east of
B-371.

Figure 5-13 (2000-2001) shows several new low concentration CT plumes in the central IA. The plumes
are located near B-559, between B-707 and B-750, southeast of B-991, and south of B-664. The East
Trenches and 903 Pad plumes continue to be present.
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The most recent CT distribution map for 2002-2003 (Figure 5-14) has excellent well coverage because of
the Snapshot sampling that was conducted between May and August 2003. During the Snapshot
sampling groundwater was collected from several hundred wells that had not been recently sampled.
These samples were analyzed for VOCs and for selected redox parameters.

The abundant CT data for 2002-2003 indicate that the IHSS 118.1 plume has not migrated north of B-771
or reached Walnut Creek. However, this plume may be expanding north towards the drainage west of B-
771. Most of the wells in the IA do not show any CT detections so there are large areas of white space on
Figure 5-14. The greatest concentrations of CT in groundwater during 2003 are at the 903 Pad and at
IHSS 118.1. The highest concentration observed during the period was 29,700 pg/L.

The spatial distribution of CF, the first daughter of CT biodegradation, is shown on Figure 5-15. Because
of the abundant CT contamination in groundwater at the RFETS, the wide distribution of CF
contamination is not surprising. The highest concentrations of CF, about 10,500 pg/L, occur at IHSS
118.1 and the 903 Pad. Spatially, most of the CF occurrences mapped at the RFETS have concentrations
below 40 pg/L. ’

Figure 5-16 shows the spatial distribution of MC, the daughter of CF during 2002-2003. Only relatively
low concentrations, generally less than 10 pg/L, of MC are observed in the RFETS groundwater. The
maximum concentration shown on Figure 5-16 is 188 pug/L at the Mound and 903 Pad.

CM, the third daughter of CT biodegradation, is rarely found in groundwater at the RFETS. The principal
CM occurrence is found at IHSS 118.1, where it reaches a maximum concentration of 79 pg/L (Figure 5-
17). The only other CM occurrences are at the 903 Pad where concentrations are less than 25 pg/L.

Review Exemption: CEX-105-01
5-33



04-RF-00358

Figure 5-6 Isopleth Map of Carbon Tetrachloride Concentrations (ug/L) During 1986-1987
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‘ Figure 5-7 Isopleth Map of Carbon Tetrachloride Concentrations (ug/L) During 1988-1989
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Figure 5-8 Isopleth Map of Carbon Tetrachloride Concentrations (ug/L) During 1990-1991
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Figure 5-9 Isopleth Map of Carbon Tetrachloride Concentrations (ug/L) During 1992-1993
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Figure 5-10 Isopleth Map of Carbon Tetrachloride Concentrations (ug/L) During 1994-1995
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Figure 5-11 Isopleth Map of Carbon Tetrachloride Concentrations (ug/L) During 1996-1997
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Figure 5-12 Isopleth Map of Carbon Tetrachloride Concentrations (ug/L) During 1998-1999
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Figure 5-13 Isopleth Map of Carbon Tetrachloride Concentrations (ug/L) During 2000-2001
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Figure 5-14 Isopleth Map of Carbon Tetrachloride Concentrations (ug/L) During 2002-2003
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Figure 5-15 Isopleth Map of Chloroform Concentrations (ng/L) During 2002-2003
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Figure 5-16 Isopleth Map of Methylene Chloride Concentrations (ng/L) During 2002-2003
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5.1.5.3 Detects and Nondetects— PCE, TCE and Their Daughters

Figures 5-18 through 5-26 show concentrations of PCE in groundwater at RFETS between 1986 and
2003. An analogous set of 9 maps has also been created for TCE and are presented as Figures 5-27
through 5-35. If PCE is co-located with TCE it is not easy to determine if the TCE originated from
degradation of PCE or if TCE was primary contaminant. Therefore, PCE and TCE maps are discussed
together. ‘

Figure 5-18 shows that PCE was found in groundwater in 1986 and was most prevalent east of the 903
Pad. However, during 1986 to 1989, low PCE concentrations also existed at the East Trenches, south of
B-881, at the former OU1, north of B-444, and across the Solar Ponds area to B-771 (Figures 5-18 and 5-
19).

Figure 5-27 (1986-1987) shows the distribution of TCE plumes. Most of the TCE plumes are co-located
with the PCE plumes (Figure 5-18). However, the TCE plume east and north of the 903 Pad extends
north to the Mound area. PCE and TCE plumes during 1988-1989 also show similar areal distributions
(Figures 5-19 and 5-28).

During 1990-1991, the greatest concentration of PCE in groundwater (48,400 ng/L) was at the Mound
Site (Figure 5-20). TCE was also elevated at the Mound Site during this period, but the greatest TCE
concentrations occurred about 1,000 feet east at the East Trenches, where TCE concentrations exceeded
50,500 pg/L (Figure 5-29). '

During 1992-1993, the highest PCE concentrations continued to be at the Mound Site and the 903 Pad
(Figure 5-21). The highest TCE concentration during this period occurred south of 903 Pad and in the
East Trenches area (Figure 5-30). Lower TCE concentrations existed at the 903 Pad and at the Mound
Site. An extensive PCE and TCE plume with moderate concentrations extended over an area about 2,500
feet wide northeast of B-444. In general, the PCE and TCE plumes are spatially coincident during this
period. |

Most of the PCE and TCE plumes were also coincident during 1994-1995 (Figures 5-22 and 5-31). The
highest PCE concentration during this period was at the Mound Site and the 903 Pad. The highest TCE
concentrations occurred south of the 903 Pad and in the East Trenches area.

During 1996-1997 (Figures 5-23 and 5-32), new wells were installed along the ETPTS. The greatest
concentration of TCE observed during this period was 76,000 pg/L south of the 903 Pad. PCE was also
present south of the 903 Pad but at lower concentrations. The greatest concentration of PCE occurred at -
the Mound Site where the concentration was 8,300 pug/L.
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During 1998-1999, the largest PCE concentrations occurred at the Mound Site and the 903 Pad. Lower
concentrations existed at East Trenches, Ryan’s Pit, IHSS 118.1, B-460/B-444, east of B-371, and in
several areas around B-883 (Figure 5-24). TCE and PCE plumes generally coexisted (Figure 5-33).
However, a TCE plume at B-559 during 1996-1997 and 1998-1999 does not appear to be co-located with
PCE. This suggests that the TCE is a parent solvent at B-559. A TCE plume is still visible during 2000-
2001 (Figure 5-34).

During 2000-2001, PCE occurrences are noted across the IA and East Trenches. The largest PCE
concentrations still occur at the Mound Site (Figure 5-25). The greatest TCE concentrations occur south
of the 903 Pad (Figure 5-34). ‘

The most comprehensive maps of the spatial distribution of PCE (Figure 5-26) and TCE (Figure 5-35) are
for 2002-2003. These maps are largely based on the Snapshot data and show the current extent of the PCE
and TCE plumes which are generally co-located. The highest TCE concentrations occur south of the 903
Pad and at the East Trenches. Groundwater at the Mound Site and the 903 Pad continues to have the
highest concentrations of PCE.

Cis-1,2-DCE is the most common TCE biodegradation daughter product. Figure 5-36 shows the spatial
distribution and current extent of cis-1,2-DCE during 2002-2003. The cis-1,2-DCE plumes occur across
the IA and East Trenches generally in the areas of the known PCE and TCE plumes. The highest cis-1,2-
DCE concentration is 2,550 pg/L at the 903 Pad. Other cis-1,2-DCE occurrences are found at B-444/B-
460, at B-335, south of B-991, and near the MSPTS. Cis-1,2-DCE concentrations are generally less than

138 pg/L.

Figure 5-37 shows the spatial distribution of VC in groundwater at the RFETS in 2002-2003. VC s
produced by reductive dechlorination of cis-1,2-DCE. The highest average VC concentrations observed
during this period occur at B-335 (781 pg/L) and east of B-551. The maximum VC concentrations occur
in well 33502 at 1,200 pg/L. Lower VC concentrations are found near the MSPTS (< 31 pg/L) Figure 5-
37 indicates that VC was not detected in most of the wells sampled during 2002-2003.
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Figure 5-18 Isopleth Map of Tetrachloroethene Concentrations (ng/L) During 1986-1987
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Figure 5-19 Isopleth Map.of Tetrachloroethene Concentrations (ug/L) During 1988-1989

+2080855.1,7

51929

R

19307.1
71969

2682.7
-1000
28
139
51.8

ROOOCO0O

19.3

oy A ed,

X @®

20852347, T4G212

5-42

Review Exemption: CEX-105-01




04-RF-00358

Figure 5-20 Isopleth Map of Tetrachloroethene Concentrations (ug/L) During 1990-1991
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Figure 5-21 Isopleth Map of Tetrachloroethene Concentrations (ug/L) During 1992-1993
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Figure 5-22 Isopleth Map of Tetrachloroethene Concentrations (ng/L) During 1994-1995

2080295.7, 7519229

125162
38703

1196.7
370

Y (i)
0

omomOooO0oag

3089586 2, 7469212

Figure 5-23 Isopleth Map of Tetrachloroethene Concentrations (ug/L) During 1996-1997
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f

Figure 5-24 Isopleth Map of Tetrachloroethene Concentrations (ng/L) During 1998-1999
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Figure 5-25 Isopleth Map of Tetrachloroethene Concentrations (ug/L) During 2000-2001
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Figure 5-26 Isopleth Map of Tetrachloroethene Concentrations (ug/L) During 2002-2003
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Figure 5-27 Isopleth Map of Trichloroethene Concentrations (ng/L) During 1986-1987
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Figure 5-28 Isopleth Map of Trichloroethene Concentrations (ug/L) During 1988-1989
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Figure 5-30 Isopleth Map of Trichloroethene Concentrations (ng/L) During 1992-1993
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Figure 5-31 Isopleth Map of Trichloroethene Concentrations (ug/L) During 1994-1995
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Figure 5-32 Isopleth Map of Trichloroethene Concentrations (ug/L) During 1996-1997
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Figure 5-33 Isopleth Map of Trichloroethene Concentrations (ng/L) During 1998-1999
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Figure 5-34 Isopleth Map of Trichloroethene Concentrations (ng/L) During 2000-2001
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Figure 5-35 Isopleth Map of Trichloroethene Concentrations (pg/L) During 2002-2003
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Figure 5-36 Isopleth Map of cis-1,2-Dichloroethene Concentrations (ug/L) During 2002-2003
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Figure 5-37 Isopleth Map of Vinyl Chloride Concentrations (ug/L) During 2002-2003
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5.1.54 Detects and Nondetects— TCA and Its Daughters

Of the CAH parent solvents used at the RFETS, 1,1,1-TCA is the least prevalent in groundwater. It
appears to have been less widely used than PCE and TCE. The short hydrolysis half-life of TCA may also
account for its sparse occurrence in groundwater at the Site. Comparison of the spatial distribution of
1,1,1-TCA in 1992-1993 (Figure 5-38) and 2002-2003 (Figure 5-39) shows its sparse occurrence in
groundwater and an overall reduction in 1,1,1-TCA concentrations over time. During 1992-1993, the
highest average 1,1,1-TCA concentrations occurred at the former OU1 (7,670 pg/L), south of the 903
Pad, and near B-551. Lesser 1,1,1-TCA concentrations occurred south of B-444, at B-881, northeast of
B-771, and the East Trenches.

Ten years later in 2002-2003 (Figure 5-39), the areal distribution of 1,1,1-TCA is much less, with the
highest average concentrations (610 pg/L) occurring in the former OU1, less than one-tenth of its 1992-
1993 concentration. During 2002-2003, most wells do not show detectable concentrations of 1,1,1-TCA.

Figure 5-40 shows the distribution of 1,1-DCA in Site groundwater during 2002-2003. This CAH
compound is the first daughter of the reductive dechlorination of 1,1,1-TCA. The highest concentration
(235 ug/L) of 1,1-DCA appears to be at B-551. Some 1,1-DCA is also observed south of the 903 Pad,
near B-444, and near B-335, the former fire training center. Other minor 1,1-DCA occurrences are found
in the IA and East Trenches area.

Chloroethane (CA) is formed in several ways, but is often results from the reductive dechlorination of

1,I-DCA. Very little CA is found in groundwater at the RFETS. Figure 5-41 shows the areal distribution

CA in groundwater during 2002-2003. CA is not detected in most wells, except for a detection of about 2
. pg/L north of B-551 (southeast of B-371).

In summary, 1,1,1-TCA and its daughters are not commonly detected in groundwater at RFETS, and
occur at relatively low concentrations compared to CT, PCE, and TCE. 1,1,1-TCA, in particular, seems
to be rapidly attenuating based on a comparison of its areal distribution in 1992-1993 and 2002-2003:
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Figure 5-38 Isopleth Map of 1,1,1-Trichloroethane Concentrations (ng/L) During 1992-1993
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Figure 5-39 Isopleth Map of 1,1,1-Trichloroethane Concentrations (pg/L) During 2002-2003
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Figure 5-40 Isopleth Map of 1,1-Dichloroethane Concentratiors (ug/L) During 2002-2003
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Figure 5-41 Isopleth Map of Chloroethane Concentrations (ug/L) During 2002-2003
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5.1.5.,5 Tier II Plume Maps— CT and its Daughters

CT was the predominant solvent used at the RFETS. The areal distribution of Tier II (5 pg/L) or greater -
CT concentrations is shown as Figures 5-42 through 5-50. Comparison of these maps suggests that the CT
plumes have not migrated substantially during the 17 years between 1986 and 2003. Comparison of the
2002-2003 (Figure 5-50) and 1992-1993 (Figure 5-45) maps indicates that the 903 Pad plume
concentrations may have attenuated over the decade, but its areal extent is approximately the same during
both periods. The IHSS 118.1 plume is better defined on the 2002-2003 map but has probably not
significantly increased in concentration since 1992.

CF, a daughter of CT biodegradation, has a Tier II action level of 100 pg/L in groundwater. Figure 5-51
(2002-2003) shows several small Tier II CF plumes at the 903 Pad, south of the 903 Pad, at IHSS 118.1,
and at the East Trenches. The highest average CF concentration may reach 10,500 pg/L at the 903 Pad.

MC is a daughter of CF biodegradation,; its Tier II groundWatér action level is 5 pg/L. Figure 5-52 shows
three small Tier Il MC plumes in 2002-2003. These plumes are at 903 Pad, the Mound Site, and south of
B-991. The highest average MC concentration appears to be about 190 pg/L at the Mound Site.

CM, a daughter of MC biodegradation, has a Tier II action level of 6.55 pg/L. Tier Il CM plumes only
occur at IHSS 118.1 and at the 903 Pad during 2002-2003 (Figure 5-53). The highest average CM
concentration is about 79 pg/L at IHSS 118.1.
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Figure 5-42 Isopleth Map of Carbon Tetrachloride Concentrations (ng/L) During 1986-1987
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Figure 5-43 Isopleth Map of Carbon Tetrachloride Concentrations (ng/L) During 1988-1989
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Figure 5-44 Isopleth Map of Carbon Tetrachloride Concentrations (ng/L) During 1990-1991
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Figure 5-45 Isopleth Map of Carbon Tetrachloride Concentrations (ng/L) During 1992-1993
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Figure 5-46 Isopleth Map of Carbon Tetrachloride Concentratiors (ng/L) During 1994-1995
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Figure 5-48 Isopleth Map of Carbon Tetrachloride Concentrations (ng/L) During 1998-1999
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Figure 5-49 Isopleth Map of Carbon Tetrachloride Concentrations (ug/L) During 2000-2001
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Figure 5-50 Isopleth Map of Carbon Tetrachloride Concentrations (ng/L) During 2002-2003
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5.1.5.6 Tier II Plume MapS- PCE, TCE and Their Daughters

The areal distribution of Tier II or greater PCE plumes is shown as Figures 5-54 through 5-62. The map
for 2002-2003 (Figure 5-62) is typical and shows two large PCE plumes located about 2,000 feet apart.
The western PCE plume extends from south of B-460 north to B-771. The second PCE plume is
associated with the 903 Pad, Ryan’s Pit, Mound Site, and the East Trenches and extends to Pond B-2.
Hydraulically, it is unlikely that the plume extends across the Walnut Creek drainage to its north side,
despite the computer artifact that shows it extending about 200 feet north. ’

TCE may occur as a primary groundwater contaminant or a biodegradation product of PCE. Figures 5-63
through 5-71 show the areal distribution of Tier II (5 pg/L) or greater PCE plumes. Figure 5-71 (2002-
2003) shows the current extent of TCE at Tier II or greater concentrations. Two broad areas of TCE
plumes occur in the area of the 903 Pad, the Mound Site, and East Trenches areas and near B-460
northeast across the IA to Pond 207A. The crescent-shaped plumes are artifacts of computer contouring.

Several daughter products are possible during the biodegradation of TCE. These include cis-1,2-DCE,
trans-1,2-DCE, and 1,1-DCE. Figure 5-72 shows the occurrence of several small Tier 1I (70 pg/L) or
greater plumes of cis-1,2-DCE. These plumes are located at B-335, B-460, B-551, B-991, 903 Pad, and
the MSPTS. The highest average cis-1,2-DCE concentration is about 2,550 pg/L at the 903 Pad.

The areal distribution of Tier II (2 pg/L) or greater VC concentrations are shown on Figure 5-73. These
small plumes occur at B-335, B-551, north of B-771, and at the MSPTS.

Figure 5-74 shows the areal distribution of Tier II (7 pg/L) or greater 1,1-DCE plumes in groundwater
during 2002-2003. The coincidence of these plumes with TCE suggests that the 1,1-DCE was formed by
biodegradation of TCE rather than 1,1,1-TCA. The highest average 1,1-DCE concentrations (about .
2,500 pg/L) occur at the former OUI, but it is also found near B-551, B-460, IHSS.118.1, and south of
the 903 Pad. "
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Figure 5-54 Isopleth Map of Tetrachloroethene Concentrations (ug/L) During 1986-1987
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Figure 5-55 Isopleth Map of Tetrachloroethe ne Concentrations (ng/L) During 1988-1989
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Figure 5-56 Isopleth Map of Tetrachloroethene Concentrations (ng/L) During 1990-1991

2081208, 75193

T

DOm0 o0oond
8

w

&

P )y

2089218, 746927

106

¥

14

OR0E000000

&l

5-64

Review Exemption: CEX-105-01



04-RF-00358

Figure 5-58 Isopleth Map of Tetrachloroethene Concentrations (ug/L) During 1994-1995
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Figure 5-59 Isopleth Map of Tetrachloroethene Concentrations (ug/L) During 1996-1997
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Figure 5-60 Isopleth Map of Tetrachloroethene Concentrations (ug/L) During 1998-1999
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Figure 5-61 Isopleth Map of Tetrachloroethene Concentrations (ng/L) During 2000-2001
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Figure 5-62
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Isopleth Map of Tetrachloroethene Concentrations (ug/L) During 2002-2003
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Figure 5-63

Isopleth Map of Trichloroethene Concentrations (ng/L) During' 1986-1987

'2081223, 751382

ORO0BO0OCO0OO
8

w

&

Review Exemption: CEX-105-01
5-67



04-RF-00358

Figure 5-64 Isopleth Map of Trichloroethene Concentrations (ug/L) During 1988-1989
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Figure 5-65 Isopleth Map of Trichloroethene Concentrations (ng/L) During 1990-1991
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Figure 5-66 Isopleth Map of Trichloroethene Concentrations (ug/L) During 1992-1993
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Figure 5-67 Isopleth Map of Trichloroethene Concentrations (ug/L) During 1994-1995
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Figure 5-68 Isopleth Map of Trichloroethene Concentrations (ng/L) During 1996-1997

2080920, 75198
e Y

OmOmO000O0O0
e

w

&

Figure 5-69 Isopleth Map of Trichloroethene Concentrations (ug/L) During 1998-1999
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Figure 5-70 Isopleth Map of Trichloroethene Concentrations (ug/L) During 2000-2001
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Figure 5-71 Isopleth Map of Trichloroethene Concentrations (ng/L) During 2002-2003
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Figure 5-72 Isopleth Map of cis-1,2-Dichloroethene Concentrations (ug/L) During 2002-2003
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Figure 5-74 Isopleth Map of 1,1-Dichloroethene Concentrations (ug/L) During 2002-2003
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5.1.5.7 Tier 11 Plume Maps— 1,1,1-TCA and Its Daughters

Figures 5-75 and 5-76 show the areal distribution of Tier II (200 pg/L) or greater 1,1,1-TCA for the
periods 1992-1993 and 2002-2003. Figure 5-75 shows a small 1,1,1-TCA plume south of the 903 Pad
during 1992-1993. The extent of 1,1,1-TCA concentrations above Tier II are more spatially limited in
2002-2003 map (Figure 5-76) where the only Tier II plume occurs atthe former OU1 area.

Figures 5-77 and 5-78 shows the current areal distribution of Tier II or greater 1,1-DCA and CM plumes

~in 2002-2003. Review of this ﬁgure indicates that there are no known Tier Il or I 1,1-DCA or CM
plumes. However there have been scattered CM detects in the 2002-2003 that were greater than the CM
Tier I action level (29.4 png/L).
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Figure 5-75 Isopleth Map of 1,,1’1 -Trichloroethane Concentrations (ug/L) During 1992-1993
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Figure 5-76 Isopleth Map of 1,1,1-Trichloroethane Concentrations (ng/L) During 2002-2003
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Figure 5-77 Isopleth Map of 1,1-Dichloroethane Concentrations (ng/L) During 2002-2003
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Figure 5-78 Isopleth Map of Chloroethane Concentrations (ug/L) During 2002-2003
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5.1.5.8 Tier I Plume Maps for CAHs

Current data indicates that only six (6) CAHs (CT, CF, PCE, TCE, 1,1-DCE, and VC ) have dissolved
groundwater concentrations greater than their Tier I groundwater action levels in 2002-2003. These Tier I
plumes are small and occur in IA and East Trenches area. These areas may require additional
groundwater evaluations (subsequent to this report) to determine if accelerated groundwater actions are
required.

Figure 5-79 shows two Tier I (500 pg/L) CT plumes in IHSS 118.1 south of B-771 and the eastern branch
of the 903 Pad plume. The highest average CT concentrations are about 29,700 pg/L at IHSS 118.1. CT
concentrations at the 903 Pad are less than 5,800 ug/L, while concentrations east of the 903 Pad are less
than 1,700 pg/L. A possible third Tier I plume of very small extent is observed at the south end of the
former SEP 207C.

A Tier I (>10,000 ug/L) CF plume occurs at the 903 Pad during 2002-2003 (Figure 5-80) where its
highest average concentrations are about 10,500 pg/L.

Figure 5-81 shows two Tier I (>500 ug/L) PCE plumes in groundwater during 2002-2003 at and about
400 feet east of the 903 Pad and at the Mound Site. The highest average PCE concentrations range
between about 10,000 to 14,000 pg/L.

" Figure 5-82 shows the Tier I (>500 pg/L) plume map for TCE plumes in groundwater during 2002-2003.

Eight Tier I TCE plumes are shown on the map. Most of the plumes are small in extent; however, the two
largest plumes are in the Ryan’s Pit and East Trenches areas. TCE concentrations at the Ryan’s Pit plume

" are as high as 33,625 ug/L. Because this plume is upgradient of Woman Creek and within 400 feet of the

creek, an additional groundwater evaluation may be needed to determine if an accelerated action is
necessary.

measured in B-2 pond water, the majority of this plume is captured by the ETPTS. VOCs in the pond
may come from the downgradient portion of the plume that was cutoff when the ETPTS was installed.

Several small Tier I TCE plumes are observed (Figure 5-82) between B-460 and B-444, near B-552, south
of Pond 207C, at the Mound Site, at the former OU1, and beneath the 903 Pad. These plumes are limited
in areal extent and do not appear to be a threat to surface water.

Figure 5-83 shows the only Tier I (700 pg/L) 1,1-DCE plume during 2002-2003 at the Site. This plume is

located in the former OU1. The maximum 1,1-DCE concentration in this plume is about 2,500 pg/L.
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Figure 5-84 shows the only Tier I (200 pg/L) VC plume during 2002-2003. This plume is located around
well 33502 near B-335. VC concentrations in this plume have been as high as 1,200 pg/L, although the
mean concentration for 2002-2003 is about 780 pg/L.

Appendix F provides additional isopleth maps for CAHs, degradation products, and degradatioh indicator
analytes concentrations in groundwater not discussed in this section.

Figure 579 Tier I Carbon Tetrachloride Plume Map For 2002-2003
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Figure 5-80 Tier I Chloroform Plume Map For 2002-2003

04-RF-00358

2080386, 751923

4
PR

10500
10449

10398
10347
10297
10247
10197
10147

Omiumoigoooo

8

&

Figure 5-81 Tier I Tetrachloroethene Plume Map For 2002-2003
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Figure 5-82 Tier I Trichloroethene Plume Map For 2002-2003
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Figure 5-84 Tier I Vinyl Chloride Plume Map For 2002-2003

2080386, 751923

781

595
519

OECNO0O000

BEBEBEYS

&

. X (@) — — 2089582, 7487

5.1.59 Estimated Plume Lengthé During Various Periods

CAH groundwater plume lengths are important. If plumes are growing through time, then they may
eventually impact downgradient surface water quality. If plumes are shrinking through time, then natural
attenuation processes are reducing contaminant concentrations faster than contaminants leaching from the
source area can maintain the plume. If the plume length is not changing substantially (+ or — 25%)
through time, then it is considered to be at steady-state, which suggests that contaminant attenuation is
equal to contaminant source input. The steady-state case is significant because it allows the 1D method of
Buscheck and Alcantar (1995) to be used to estimate biodegradation rate constants.

‘Given monitoring wells in appropriate locations and CAH concentrations, plume lengths can be estimated -
in several ways. For example, plume lengths can be directly measured from the Tier II plume maps
previously discussed. Ln C-vs-D plots can also be used to estimate plume lengths. Plume lengths were
estimated for each of the two-year time periods (where possible) to compare the predicted plume length
(based on K, values) with the estimated plume length during the period. Biodegradation rate constants

were estimated for plumes that were predicted to remain at steady-state.

Recall that plume lengths estimated from In C-vs-D piots extend from the well of maximum contaminant
concentration along the flowpath downgradient to the Tier II boundary. If Tier II concentrations lie
between two wells, then the distance to the Tier II boundary was interpolated. The presence of physical
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or hydrologic barriers was not considered in estimating these plume lengths. Plume lengths discussed
below should be used cautiously, because:

¢ Not all wells required to define the full extent of a plume may have been present during a
particular period;

¢  Groundwater may not have been collected and analyzed for CAHs from all relevant wells during
the period; and

e Most CAH plumes at the RFETS probably formed prior to the start of widespread groundwater
monitoring in 1986 and may have reached their maximum extents during the 1960’s or 1970’s.

Figures 5-85 through 5-98 are bar charts showing Tier Il plume lengths estimated for the time periods
between 1986 and 2003. Missing bars indicate the absence of data during the period, not the absence of a
plume during the period. All measurements were made along the A flowpath in each PSA evaluated
(Figure 3-2). The plume lengths shown were estimated from In C-vs-D plots. Plumes for compounds
within a CAH decay series or family are shown on the same plot. It is likely that some of these Tier II
plumes also contain superimposed Tier I plumes of shorter length.

Figure 5-85 shows that the Tier I MC plume in PSA2 was at its greatest estimated length, about 1,600
feet, during 1992-1993. Similarly, the maximum estimated length of the CF plume, about 1600 feet, also
occurred during 1992-1993; it is anly 500 feet long today. However, the parent CT plume appears to be
growing and is estimated to be about 2,000 feet long during 2002-2003. _

Figure 5-86 shows the PCE family plumes in PSA2. The PCE and TCE plume lengths are similar and
appear to have reached their maximum lengths (about 1,800 feet) during 1998-1999. At present (2002-
2003), the plumes are about 1,100 feet long.

The lengths of the CT and PCE plumes in PSA3 are shown on Figures 5-87 and 5-88. The MC plume
(Figure 5-87) was about 700 feet long during 2000-2001. Figure 5-88 shows that the TCE plume has

The PSAS MC plume length has steadily receded through time from approximately 1,200 feet long during
1990-1991 to only 200 feet long today (Figure 5-89). Figure 5-90 indicates that PCE plume lengths have
been relatively constant during the past decade, ranging in length between 300 and 500 feet. TCE plume
lengths in PSAS reached a maximum during 1986-1987 (or earlier) and have receded to about 400 feet
today (Figure 5-90). The PSAS cis-1,2-DCE plume has been less than 100 feet since 1998.

The PSA7 CT plume may have reached its maximum length (700 feet) during 1994-1995; it is less than
300 feet long today (Figure 5-91). The MC plume may have peaked at about 1,000 feet in length during
1994-1995. Evidence suggests that the PCE and TCE plumes have been growing in PSA7 since 1990
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(Figure 5-92). During 1990, the PCE plume length was about 600 feet long; it has grown to about 1,600
feet in 2002-2003.

Figure 593 shows the CT family plume lengths in PSA10. The length of the MC plume is about 900 feet,
whereas the CT plume is less than 50 feet during 2000-2001. The PSA10 TCE plume has been about 50
feet long during the past 6 years and may be at steady-state (Figure 5-94). The PCE plume was less than
50 feet long during 1992 and grew to about 1,500 feet during 2000-2001; it is currently about 600 feet in

length.

Figure 5-95 shows the CT family plume lengths. The CT plume was 300 feet long in 1998-1999, whereas
the MC plume was less than 100 feet in length. The PSA12 PCE plﬁme was about 100 feet long in 1998-
1999 and appears to have grown to almost 1,100 feet in length by 2002-2003 (Figure 5-96). TCE plume
lengths also appear to have increased from about 400 feet during 1998 to 600 feet during 2002-2003.

Figure 5-97 shows that CT plume lengths in PSA14 have been relatively similar between 1998 and 2003.
The CF plume has varied between 400 and 600 feet in length since 1998. The MC plume appears to have
receded from about 600 feet during 1998-1999 to 260 feet in length during 2002-2003. Figure 5-98
suggests that the PCE plume length may have been at its maximum length (about 500 feet) during 2000-
2001, although no data are available prior to 1998. During 2002-2003, the PCE plume is about 400 feet

long.

In summary, CAH Tier II groundwater plumes at the RFETS exhibit a range of plume lengths through
time and clearly are not all at steady-state. A few plumes have remained at steady-state for extended
periods, e.g., TCE in PSA3, PCE in PSAS, and CT in PSA14. Other plumes have receded in length over
time, e.g., MC in PSAS since 1990; whereas, other plumes appear to be growing through time, e.g., PCE
in PSA7 since 1990. The bar charts for some plumes exhibit maximum lengths and shapes similar to a
histogram for a normally distributed sample set (e.g., CT in PSA7).

Along the same flowpath during the same periods, different CAHs may exhibit different plume lengths.

For example;-along flowpath-A-in-PSA2 CT-plume-lengths. have -generally.increased.during the past.

decade, while MC and CF plumes may have reached maximum lengths in 1992-1993 and have since
receded to about one-third of their maximum lengths. Because these chemicals share the same flowpath,
advective transport alone can not account for the different plume lengths. Different plume lengths along

" the same flowpath likely result from variations in chemicalspecific properties such as Ky, biodegradation

rates, and abiotic degradation rates.

Review Exemption: CEX-105-01
5-82



04-RF-00358

Figure 5-85 Estimated Plume Lengths of CT Family Along PSA2A Flowpath, Various Periods
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Figure 5-86 Estimated Plume Lengths of PCE Family Along PSA2A Flowpath, Various Periods
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Figure 5-87 Estimated Plume Lengths of CT Family Along PSA3A Flowpath, Various Periods
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Figure 5-88 Estimated Plume Lengths of PCE Family Along PSA3A Flowpath, Various Periods
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Figure 5-89 Estimated Plume Lengths of CT Family Along PSASA Flowpath, Various Periods
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Figure 5-90 Estimated Plume Lengths of PCE Family Along PSASA Flowpath, Various Periods
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Figure 5-91 Estimated Plume Lengths of CT Family Along PSA7A Flowpath, Various Periods
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Figure 592 Estimated Plume Lengths of PCE Family Along PSA7A Flowpath, Various Periods
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Figure 5-93 Estimated Plume Lengths of CT Family Along PSA10A Flowpath, Various Periods
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Figure 5-94 Estimated Plume Lengths of PCE Family Along PSA10A Flowpath, Various Periods
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Figure 595 Estimated Plume Lengths of CT Family Along PSA12A Flowpath, Various Periods
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Figure 5-96 Estimated Plume Lengths of PCE Family Aiong PSA12A Flowpath, Various Periods
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Figure 5-97 Estimated Plume Lengths of CT Family Along PSA14A Flowpath, Various Periods
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Figure 5-98 Estimated Plume Lengths of PCE Family Along PSA14A Flowpath, Various Periods
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5.1.6 Redox Geochemistry of Groundwater at RFETS

Groundwater ORP (ORP= Ehgympic —Ehpeference) measurements (Section 3.2.2.2) cannot generally be

~ interpreted in terms of specific redox couples. However, negative ORP measurements (relative to the
voltage of a Ag/AgCl reference electrode) are qualitative indicators of reducing conditions. For example,
sulfidic waters (with measurable H,S) undergoing sulfate reduction have Eh values between —100 mV and
—230 mV at pH7 (Lindberg, 1983). The Eh of a Ag/AgCl reference electrode (3N K(CI filling solution)
at 15°C is +216 mV. Therefore, ORP measurements in the range —316 mV to about —446 mV should be
indicative of sulfate reduction.

ORP measurements (434) in UHSU groundwater at the RFETS ranged between —306 to +959 mV, with a
mean of +151 mV. Therefore, at the low end, some groundwater at RFETS may be capable of sulfate
reduction.

Controlled laboratory experiments on the Eh of oxygenated waters have Eh values in the range +400 to
+570 mV, corresponding to ORP readings of +184 to +354 mV at pH7 (Lindberg, 1983). The highest
potentials in these experiments were for oxygen saturated water samples. ORP measurements at the
RFETS indicate that the UHSU groundwater is relatively oxidizing (mean of +151 mV, maximum of
+959 mV) suggesting low to saturated DO concentrations.

Figure 5-99 is an isopleth map of ORP measurements made in the RFETS UHSU groundwater during
2002-2003. The negative or purple colored areas are of most interest, as these areas may indicate where
biodegradation is occurring. One of these areas is associated with the 903 Pad and Ryan’s Pit where ORP
values are as low as —234 mV. On the east side of the IA there appears to be a local ORP high (up to 959
mV) near B-987 that is of unknown origin.

DO is probably the most important redox parameter measured at the Site. Its presence at concentrations
~ above about 0.5 mg/L suggests that biodegradation will be inhibited. About 1,041 DO measurements have
been made in UHSU groundwater. These data were collected between April 1991 and August 2003 using

maximum solubility (10.5 mg/L) of DO in pure water (USGS, 2003) considering the RFETS mean
groundwater temperature (13° C) and standard atmospheric pressure. Because these 138 records exceeded
the theoretical DO solubility limit, they were excluded from further evaluation. The remaining 903 DO
measurements had a mean of 5.68 mg/L and a relatively small standard deviation of 2.48 mg/L.

Cumulative frequency data for DO in UHSU groundwater indicate that 99.99% of the DO concentrations
are greater than 0.5 mg/L. About 99.91% of the DO values are greater than or equal to 2 mg/L, and
99.72% are greater than or equal to 4 mg/L. Therefore, more than 99.9% of the wells at RFETS have

groundwater that is too oxidizing to support biodegradation.
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Figure 5-100 maps the DO distribution in Site groundwater during 1992-1993. DO concentrations ranged
from 0.1 to 10.2 mg/L during 1992-1993. Figure 5-101 is a corresponding map of DO concentrations
measured during 2002-2003. Both maps are contoured at the same scale to facilitate visual comparison.
Comparison shows local differences in DO concentrations between the two figures. However, DO
concentrations are generally similar over the decade. Both figures indicate that most of the IA and
surrounding area has measurable DO. DO is generally higher in the east half of the 1A and across the
East Trenches area.

Elevated ferrous iron (Fe2*) concentrations are an indication of Fe** reduction and a reducing redox
environment perhaps 100 mV more positive (more oxidizing) than that of sulfate reduction at pH7. Ferric
iron reduction is often associated with solvent plumes undergoing biodegradation. Ferrous iron data (407
values) were available in UHSU groundwater. These data were collected between May 1999 and August
2003. The mean ferrous iron concentration was 0.7 mg/L with a standard deviation of 3.1 mg/L. This
indicates that most of the RFETS UHSU groundwater is relatively oxidizing which limits the occurrence
of ferrous iron.

However, a small number of wells have elevated ferrous iron levels (>5 mg/L) that indicate a locally
reducing environment suitable for biodegradation. The maximum ferrous iron concentrations occur at
well 20598 (31 mg/L) in PSA14, well 1986 in PSA12 (26.8 mg/L), well 33502 (22 mg/L), and well
77492 (21.7 mg/L).

This elevated ferrous iron trend is a good indicator of high biodegradation potential, because the iron
coexists with elevated VC and CT concentrations. The highest VC concentrations occur at well 33502

(1,200 pg/L) and well 33603 (4,190 pg/L), located 200 feet northeast of 33502. The ferrous iron

concentration was 2.5 mg/L in well 33603. VC is known to form during biodegradation of 1,1-DCE or
cis-1,2-DCE under sulfate-reducing conditions. Elevated ferrous iron also occurs in the area of the CT
plume in IHSS 118.1.

Figure 5-102 is an isopleth map of ferrous iron concentrations in groundwater during 2002-2003. Figure

similar dissolved iron distributions. This is expected since the solubility of ferric iron is low in
groundwater at near-neutral pH, therefore ferrous iron makes up most of the dissolved total iron measured
at the site.

Previously, it was noted that a sulfate-reducing environment is favorable for reductive dechlorination.
Thus, it is of interest to look for areas with dissolved sulfide concentrations and/or of anomalously low
ratios of sulfate to sulfide. Figure 5-104 shows the concentration of sulfide in groundwater during 2002-
2003. Most Site groundwater is very low in sulfide. Low sulfide is expected since DO concentrations are
relatively high in most Site wells and sulfide is easily oxidized by DO. However, a few local pockets of
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elevated sulfide are shown on Figure 5-104. The maximum sulfide concentration measured (517 pg/L)
occurred at the eastern end of the East Trenches area.

The mole sulfate/sulfide ratio was computed from analytical data obtained during 2003 and are shown on
Figure 5-105. The lowest ratios may indicate active microbial reduction of sulfate ion to aqueous
hydrogen sulfide. For example, sulfate reduction may be occurring at well 56594 (the blue-colored low at
the bottom left comer of the figure). Several other wells also have very low sulfate/sulfide ratios.

Appendix F provides additional isopleth maps for redox parameters not discussed in this section.

Figure 5-99 Isopleth Map of ORP in Groundwater During 2002-2003
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Figure 5100 Isopleth Map of Dissolved Oxygen in Groundwater During 1992-1993
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Figure 5-101 Isopleth Map of Dissolved Oxygen in Groundwater During 2002-2003
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Figure 5-102 Isopleth Map of Ferrous (Fe 2+).Iron (mg/L) in Groundwater During 2002-2003
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Figure 5104 Isopleth Map of Sulfide (mg/L) in Groundwater During 2002-2003
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Figure 5-105 Isopleth Map of Sulfate/Sulfide Mole Ratios During 2003
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5.1.7 Geochemistry of Biodegradation Indicator Analytes

CAH destruction, whether by biodegradation, abiotic hydrolysis, or oxidation reactions, results in
geochemical changes such as the release of chloride ions. Chloride is a major ion found in most natural
groundwaters and it is both ubiquitous and relatively abundant in UHSU groundwater. The background
mean concentration of chloride ion in UHSU groundwater is 12,242 ug/L; it was detected in 93% of the
background samples (EG&G, 1993). It is difficult to distinguish the additional chloride resulting from
CAH degradation superimposed on such a large background concentration. However, chloride
concentration were prepared as they may show local increases in chloride concentration especially in the
areas of known CAH plumes. : ‘

Figure 5-106 shows the chloride concentration in groundwater during 1990-1991. This map displays a
wide range of chloride concentrations on a log scale from 4.5 mg/L to 963 mg/L. Given such a large
background concentration range, it is difficult to recognize the superposition of local increases in chloride
resulting from CAH degradation. It is also desirable to look for long-term changes in chloride
concentrations, possibly due to biodegradation. However, during recent years the routine Groundwater
Monitoring Program has collected little chloride data. Therefore, a 2002-2003 map is not presented.

Two areas of high chloride concentration are shown on Figure 5-106. These plumes are probably not
associated with CAH degradation. One area appears to be associated with the Solar Ponds nitrate and
uranium plume. The second chloride plume is located in the area of the 904 Pad where saltcrete was
stored. A chloride anomaly that may be associated with chloride derived from CAH degradation occurs
at Ryan’s Pit south of the 903 Pad. With the possible exception of Ryan’s Pit, chloride does not appear to
be a very sensitive indicator of CAH biodegradation at the RFETS.

BTEX is commonly found dissolved in groundwater contaminated by gasoline spills or leaking
underground fuel tanks. Microbial respiration along with the BOD of fuel hydrocarbons and their

- degradation products rapidly produce locally reducing conditions in groundwater. The combination of a
food source for bacteria and a reducing environment may promote CAH biodegradation (if present).

suitable biodegradation environment. Diesel fuel and hydraulic fluid from lathe coolant should also
provide excellent carbon sources for bacteria.

The historical maximum BTEX concentrations are shown on F igure 5-107. The BTEX values mapped
were obtained by summing the individual concentrations of individually analyzed BTEX components.
Although BTEX is rapidly biodegraded in oxidizing groundwaters, the figure shows that detectable
BTEX once existed over much of the IA and East Trenches areas. It also confirms information from the
Historical Release Report (DOE, 1992), that there were dozens of fuel spills, leaking tanks, and leaking
drums at the RFETS. The highest BTEX concentrations on Figure 5-107 occur near the 903 Pad, which
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was a former drum storage site. High BTEX concentrations are also observed at Ryan’s Pit, East
Trenches, and north of B-777.

CAH biodegradation also increases groundwater alkalinity. Alkalinity is normally measured as total
alkalinity by titration with strong acid down to a pH where an indicator dye changes color. In most
groundwaters at near neutral pH, the major titrateable component of total alkalinity is bicarbonate ion.
RFETS has groundwater quality data for both bicarbonate ion and total alkalinity. Isopleth maps of these
analytes may indicate concentration changes spatially associated with CAH plumes undergoing
degradation.

Figures 5-108 and 5-109 show total alkalinity concentrations during 1992-1993 and 2002-2003.

- Comparison of these two figures shows that alkalinity appears to have increased at the 903 Pad over this

10-year period. This increase suggests that biodegradation is occurring at the 903 Pad where CAH
solvents were once stored in drums. During other time periods (e.g., 1992-1993), high alkalinity
concentrations occur just east of B-991, possibly associated with the Oil Bumn Pit.

Figure 5-108 shows an area near B-551 with elevated alkalinity. Groundwater in this area had higher
alkalinity during 1992-1993 than it does today. This may indicate a former biodegradation area.

Figures 5-108 and 5-109 show a large range of groundwater alkalinity ranging as high as 2,020 mg/L. As
was seen with chloride, it is usually difficult to identify alkalinity produced by biodegradation when it’s
superimposed on a relatively large and variable background. It is also possible that biodegradation is not
proceeding rapidly in most areas of the RFETS and most superimposed alkalinity increases are too small
to distinguish. '

Appendix F provides additional maps of biodegradation indicator parameters not discussed in this section.
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Figure 5-106 Isopleth Map of Chloride (ng/L) in Groundwater During 1990-1991
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Figure 5-107 Isopleth Map of Maximum BTEX Concentrations (ng/L) in Groundwater
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Figure 5108 Isopleth Map of Alkalinity (mg/L) in Groundwater During 1992-1993
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Figure 5-109 Isopleth Map of Alkalinity (mg/L) in Groundwater During 2002-2003
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5.1.8 Molar Changes in CAH Plumes Through Time

Another line of evidence for the occurrence of CAH natural attenuation is to identify decreases in CAH
chemical mass over time. Changes in CAH mass over time were determined on a Site-wide basis by
calculating the mean CAH concentrations at individual wells during 1992-1993 and 2002-2003. If natural
attenuation is occurring, measurable, and possibly large decreases in mass should be observed between
the two periods. Figures 5-110 and 5-111 show the total CAH mass in groundwater for the two periods.

The mean concentrations of individual CAH compounds in groundwater were computed for individual
wells during 1992-1993 and 2002-2003. Molecular weights were used to convert concentrations from
pg/L to micromoles/liter. These latter units are also known as pMole/L, micromolar, or pM
concentrations.

CAH concentrations could have been summed in pg units, but each CAH compound has a different
molecular weight. One molecule of parent solvent degrades to one molecule of daughter product of lower
mass. Changes in pg would reflect changes in the relative proportions of parent and daughter
compounds. However, changes in moles actually indicate the numbers of contaminant molecules in the
groundwater. When the pMole number decreases through time it indicates a net CAH loss through
natural attenuation, regardless of molecular identity.

Figure 5-110 shows the molar CAH concentrations at the Site during 1992-1993. Concentrations up to
624 pMoles/L of CAHs were measured in groundwater during this period. The areas with the highest
CAH concentrations occur at the 903 Pad and Ryan’s Pit. Elevated CAH concentrations also occur at the
East Trenches south of Pond B-1. Figure 5-111 shows the molar CAH concentrations at the Site during
2002-2003. The maximum molar concentration in any well during this recent period was 266 uMoles/L
Comparison of these figures shows similar molar CAH concentration distributions.

To determine if natural attenuation has reduced the total CAH mass, the total pMoles of CAHs at each
well were compared between the two periods. The CAH mass difference was determined by subtracting

were available at 122 wells. Figures 5-112 and 5-113 show the total CAH mass decreases and increases
over the past decade, respectively.

Figure 5-112 shows the CAH mass decreases across the Site. Mass decreases occurred at 91 wells. These
decreases represent areas where the CAH concentrations are naturally attenuated (i.e., CAH mass is
reduced) which occurs essentially site-wide. The average decrease in molar concentrations at these wells
was 14.05 jiMoles/ liter/ well. Areas with the largest CAH mass decreases includes the 903 Pad, Ryan’s
Pit, East Trenches, and east of B-771. The greatest mass loss in any area was 534 pMoles/L at the 903
Pad.
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Figure 5-113 shows the areas where CAH mass loss has not occurred(i.e., mass increases have occurred).
Mass increases occurred at 31 wells. The average increase in mass was relatively small at 3.54 pMoles/
liter/ well. In general, these local areas of increasing concentrations are geographically similar to the
attenuating areas. This suggests that degradation rates vary widely from well to well at the RFETS. The
largest mass increase was 50.3 pMoles near the 903 Pad.

If the changes in mass of all 122 wells are summed, the net change is an overall mass loss of 1,169
uMoles/122 liters, or 9.6 pMoles/ liter/ well. This is evidence that overall CAH plumes at the RFETS are
undergoing natural attenuation. The overall decline is actually a rate, 9.6 pMoles/ liter/ decade at each
well. Therefore, the site-wide average molar CAH attenuation rate is 0.96 pMole/ liter/ year.

Figure 5-110 Isopleth Map of Total CAH (uMoles) in Groundwater During 1992-1993
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Figure 5-111 Isopleth Map of Total CAH (uMoles) in Groundwater During 2002-2003
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Figure 5-112 Isopleth Map of Total CAH Mass (nMoles) Decreases During the Past Decade
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Figure 5113 Isopleth Map of Total CAH Mass (uMoles) Increases During the Past Decade
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5.1.9 Other Lines of Evidence for Biodegradation

The ratios of the cis and trans stereoisomers of 1,2-DCE have been used as an indicator of biodegradation.
The man-made solvent is a mixture of cis- and trans-1,2-DCE. The isotopic composition of this mixture
varies with the manufacturing process. In contrast, biodegradation produces mainly cis-1,2-DCE (EPA,
1998). Low concentrations of trans-1,2-DCE and of 1,1-DCE are also produced by biodegradation
(Bouwer, 1994). However, the cis/trans ratio is typically greater than 25 to 1 in groundwater where
biodegradation is actively proceeding.

Figure 5-114 shows fhe maximum ratio cis-1,2-DCE/trans-12-DCE in groundwater at RFETS. The

- -~ — -—cis/trans ratio-was computed for each well and sampling event with detect-data for both isomers. The
trans isomer is not commonly detected in analytical data from the last decade. Figure 5-114 indicates that
most of the wells had high cis/trans ratios, ranging between 26 and 684. These high ratios suggest that
biodegradation is occurring in these areas.

Plots of CAH molar ratios (other than cis/trans), e.g. DCE/ TCE, versus source distance have also been
used as an indicator of biodegradation (Murphy and Morrison, 2002). For example, the DCE/TCE ratio
may increase during anaerobic biodegradation if TCE degrades faster than DCE, but farther down the
flowpath the ratio may decrease under aerobic conditions. Numerous CAH ratios were computed during
this evaluation, however, trial plots were difficult to interpret and do not appear to provide clear evidence
of degradation or its absence.
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A theoretically straightforward approach to visualizing natural attenuation is illustrated by the
hypothetical data of Figure 5-115. This figure shows that CAH concentrations are expected to
approximately attenuate as a first-order decay process. Natural attenuation processes such as
biodegradation, sorption, advection, and dispersion should decrease CAH concentrations with increasing
migration distance along a flowpath.

This evaluation tried this graphical approach of comparing concentration versus distance data at various
time intervals. Figure 5-116 is an example for PCE in groundwater at PSA2B. The oldest period should
have the highest PCE concentrations and the most recent period the lowest concentrations of PCE.
However, the overlapping concentration versus distance curves in Figure 5-116 suggests that the real
world situation in groundwater at RFETS is more complex. Consequently, this method of evaluation was
not widely applied in this evaluation.

Figure 5-114 Isopleth Map of Maximum cis-1,2-DCE/trans-1,2-DCE Ratios, 1986-2003
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Figure 5-115 Hypothetical Response of CAHs Undergoing Natural Attenuation
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Figure 5-116 Response of PCE Concentrations vs Flowpath Distance in PSA2B, Various Periods
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5.1.10 Conceptual Model of Natural Attenuation and Biodegradation at the RFETS

A site-specific conceptual model has been developed for natural attenuation at the RFETS based on the
generic conceptual model presented in Section 3. This model is also developed based on the evaluation
and interpretations presented in this report. Because the emphasis of this evaluation is on interpreting
geochemical data, geochemical processes are emphasized in the site-specific model. The relative
importance of biodegradation is also discussed in relation to other natural attenuation processes. A
summary of the important observations is provided below:

Most of the CAH source areas are located in the IA where Site facilities and operations were
conducted. Some remaining source areas are found east of the IA in the East Trenches area, on
the hillsides south of the IA above Woman Creek, and north of the 1A above Walnut Creek;

CAH source areas at the RFETS are believed to be shallow, resulting from surface spills, leaking
drums, shallow disposal trenches, or leaking subsurface storage tanks which were not deeply
buried;

All known CAH plumes at the Site occur in unconsolidated materials and weathered bedrock
comprising the UHSU. In local areas, the subcropping, highly permeable No. 1 Sandstone of the
Arapahoe Formation also constitutes a portion of the UHSU;

Most CAH plumes in the IA are located within Rocky Flats Alluvium, although colluvial deposits

~ may host plumes on the hill slopes above Woman and Walnut Creeks. Valley Fill Alluvium is

only important where a plume may have reached stream alluvium along the creeks. For example,
the East Trenches and Mound Site plumes appears to occur in Valley Fill Alluvium along Walnut
Creek near Ponds B-1 and B-2;

Groundwater within the UHSU is unconﬁned'and the water table fluctuates seasonally;

In the IA and vicinity, the UHSU water table is shallow, ranging from surface dischargesat =~ =

hillside seeps to more than 26 feet below grade. Typical depths to the water table during second
quarter 2002 were approximately as follows:

f Location Water-Table Depth

: (ft bgs)
Western IA at Well P415989 8
Southwestern 1A near B444 at Well 40499 : 14
Northern IA at Well 1986 3
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i Location Water-Table Depth .
, (t bgs)

Former Solar Evaporation Pond 207C at Well 00100 13

Central IA near Sage Avenue Well 61399

Eastern IA at Well 1987 9

East Trenches at Well 11891 26

Southeast 1A at 904 Pad Well 0987 18

Northeast of Pond C-1 at Well 90099 15

Southern IA near B881 at Well 5287 9

Volatilization of CAHs may be significant where groundwater discharges at seeps above Walnut
and Woman Creeks. Volatilization losses may also be expected for VC and CT where plumes are

shallower than three feet;

With respect to dilution, the RFETS has large areas of concrete and pavement that locally inhibit
infiltration. However, periodic storm runoff to adjacent unlined ditches (such as the Central
Avenue ditch) might produce local areas of groundwater recharge that may act to dilute a CAH

plume and increase flow velocities;

The predominant groundwater flow direction in the UHSU is generally eastwards. However,
groundwater flow divides exist at the Site. Exceptions may occur locally where building drains,
ditches, subsurface utility corridors, or large areas of paved surface may affect groundwater flow

rates and direction;

DO data indicate that shallow UHSU groundwater is generally well oxygenated, except in
localized areas. The presence of DO at concentrations greater than 0.5 mg/L inhibits
biodegradation. The average DO concentration in UHSU groundwater is 5.68 mg/L with a

DO concentrations greater than a few mg/L in an aquifer low in TOC and anthropogenic carbon
compounds (e.g., BTEX) does not support biodegradation by reductive dechlorination. This is
called a Type III groundwater environment (Wiedemeier et al., 1999); and

Microbial respiration and the potential- presence of fuel hydrocarbons may cause rapid, but very

~ localized depletion of DO within the CAH source areas. This may produce islands within the IA

at IHSS 118.1, Mound, 903 Pad, or East Trenches where biodegradation iocally takes place.
Typically these islands are surrounded by a sea of oxidizing groundwater that can aerobically

oxidize VC, but does not support reductive dechlorination.
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Based on the above, it is hypothesized that the best site-specific conceptual model for biodegradation at
RFETS is a combination of a Type I environment in the island source area surrounded by a Type 111
oxygenated environment. F igure 5-117 shows such a Site-specific conceptual model for RFETS.
Comparison of the Type I (Figure 3-5) and III (Figure 5-117) conceptual models reveals some significant
differences that are discussed below.

The most important natural attenuation mechanisms for PCE, TCE, and CT in a Type IlI oxygenated
environment are sorption, advection, and dispersion. The lack of biodegradation in the Type III
environment downgradient of the CAH source areas allows the PCE, TCE, and CT plumes (Figure 5-117)
to migrate farther from the source than depicted on Figure 3-5. Differences between the Type I and III
conceptual models include: '

¢ Background and downgradient DO levels are higher in the Site-specific model (Figure 5-117);

e Although PCE and TCE have longer plumes, VC has a shorter, narrower plume because it can be
aerobically oxidized by downgradient DO;

®  Methane, acetate, and sulfide have smaller areas of stability within the plume because they can be
oxidized downgradient or consumed by aerobic microbes;

¢ Redox zonation should be narrower (or tighter) around the Type I environment; and

e If Mn(IV) and Fe(III) reduction causes elevated concentrations of Mn(II) and Fe(II) in and below
the source area, these metals may re-oxidize downgradient. Fe(ll) will probably oxidize more
rapidly, precipitating orange ferric oxyhydroxides in the downgradient porous medium and
lowering the aqueous Fe(Il) concentration. Dissolved concentrations of Mn(1I) should also
slowly decrease downgradient as oxidation to MnOOH or MnO, mineral phases takes place.
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Figure 5-117 Site-Specific Conceptual Model of Biodegradation in Groundwater at RFETS
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5.1.11 Site-Wide Natural Attenuation Summary

Biodegradation rates measured at the RFETS are at the low end of published biodegradation rates.
Biodegradation at the RFETS can be viewed as occurring within small islands where anoxic conditions
can be locally maintained to support reductive dechlorination CAHs like CT, PCE, and TCE. Fuel spills
and detectable BTEX compounds spatially associated with some CAH sources provides an organic
substrate for microbes and helps produce anoxic conditions through microbial respiration. Lathe coolant
should be particularly amenable to biodegradation since the hydraulic oils provide a substrate for
microbial growth and reductive dechlorination of the CAHs.

These islands of biodegradation are surrounded by a séa of oxidizing groundwater that does not support
reductive dechlorination. The mean concentration of DO in groundwater at the RFETS is relatively high
at 5.7 mg/L. Biodegradation is halted by these oxidizing conditions, although VC may be rapidly
oxidized in DO-rich groundwater. Under oxidizing or reducing conditions, the solvent 1,1,1-TCA
undergoes rapid hydrolysis (half-life 0.5 to 1.7 years) to acetic acid. Thus, of the primary solvents used at
the RFETS, 1,1,1-TCA has the best chance for rapid attenuation. Chloroethane produced by either the
TCA or TCE decay chains is also rapidly hydrolyzed (half-life 0.12 years) and is not expected to
accumulate in the RFETS groundwater.

The following sections provide additional detail concerning biodegradation at each of the 7 PSAs
evaluated.

5.2 NATURAL ATTENUATION IN PSA2

This section presents data interpretations describing the location and extent of natural attenuation
processes in groundwater beneath PSA2 (the 903 Pad Plume). In particular, biodegradation is discussed
if sufficient data were available to interpret its occurrence.

Wiedemeier scores were used to screen for bfodegradation in individual wells. Wiedemeier scores were
computed for groundwater from 95 monitoring wells located in PSA2. The maximum Wiedemeier scores
at individualwells in PSA2 were generally low, ranging between -3 at well 4487 and 14 at well 11791.
The average score for the wells in PSA2 was 3.4 with a standard deviation of 3.7. Scores less than 1
indicate no evidence of biodegradation; 1 to 5 points is inadequate evidence of biodegradation; and 6 to
14 points is limited evidence of biodegradation. Therefore, most PSA2 wells show no evidence or
inadequate evidence of biodegradation. A few wells show limited evidence of biodegradation.
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5.2.2 Point Attenuation Rate Constants from Natural Log C Versus Time Plots

Point attenuation rates were computed for wells in PSA2 and were used to estimate the amount of time
required for CAHs to naturally attenuate. Wells exhibiting the slowest attenuation rates are discussed
since the overall plume is not considered to have attenuated until all contaminants have reached their Tier
II groundwater action levels.

In PSA2 (Path A), TCE at well 06691 is predicted to have the longest plume duration and is expected to
naturally attenuate to Tier Il by 2106. The TCE decay half-life estimated at well 06691 is 23.7 years. CF
at this well is predicted to attenuate to Tier II by 2029.

TCE well 1587 is predicted to naturally attenuate to Tier II by 2020. It has an estimated half-life of 6.3

years. PCE and CT at well 1587 are estimated to reach Tier II by 2026 and 2074, respectively.

5.2.3 Bulk Attenuation Rate Constants from Natural Log C Versus Distance Plots

Table 5-9 summarizes the bulk attenuation rate constants (K,) and half-lives for PSA2.

Table 5-9 Bulk Attenuation Rate (K,) and HalfLives in PSA2

Time Bulk Attenuation | Bulk Attenuation
PSA Period Constituent Rate K, Half-Life
| (per yr) o)
2 1994-1995 1,1,I-TCA 0.026 26.7
2 1992-1993 1,1,1-TCA 0.022 320
2 1998-1999 1,1-DCA 0.004 162.7
2 1992-1993 1,1-DCA 0.089 7.7
2 2002-2003 1,1-DCE 0.083 83
2 719981999 |~ I;1-DCE- -+ | — - -0.029 - - 240
2 1994-1995 1,1-DCE 0.138 5.0
2 1992-1993 1,1-DCE 0.048 14.4
2 2002-2003 CF 0.047 14.9
2 1998-1999 CF 0.033 213
2 1994-1995 CF 0.061 114
2 1992-1993 CF 0.028 248
2 2002-2003 cis-1,2-DCE 0.034 203
2 2002-2003 CT 0.044 15.8
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Time Bulk Attenuation | Bulk Attenuation
PSA Period Constituent Rate K, Half-Life
(per yr) ()
2 1998-1999 CT . 0.072 9.6
2 1994-1995 CcT 0.037 18.6
2 1992-1993 CT 0.033 21.1
2 2000-2001 MC 0.232 3.0
2 19981999 MC 0.116 6.0
2 1994-1995 MC 0.154 4.5
2 1992-1993 MC 0.015 449
2 2002-2003 PCE 0.022 31.6
2 1998-1999 PCE 0.043 16.3
2 1994-1995 PCE 0.009 76.7
2 1992-1993 PCE 0.009 76.7
2 1998-1999 TCE 0.013 532
2 . 1994-1995 TCE 0.013 53.2
5.2.4 Biodegradation Rates in PSA2
Table 5-10 summarizes the biodegradation rate constants for PSA2.
Table 5-10 Biodegradation Rate Constants and Half-Lives in PSA2
Time Biodegradation Biodegradation
PSA Period Constituent Rate Half-Life
(per year) (years)
2 1994-1995 1,1,1-TCA 0.028 244
I T " 71992-1993 ¢ [ nL1-TCAT <[ - 0023 — | - - 207 -
2. 1992-1993 1,1-DCA 0.099 7.0
2 1998-1999 1,1-DCA 0.004 161.8
2 1998-1999 PCE 0.050 13.9
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5.2.5 Other Lines of Evidence of Biodegradation

Wells 00391 and 90299 in PSA2 have been noted to have sulfurous, swampy, or sewage odors. These
olfactory indicators may suggest that groundwater at these wells is locally anoxic and biodegradation is
occurring.

5.2.6 Potential Contaminant Source Areas in PSA2

PSA2 is associated with the 903 Pad drum storage site. Potential source areas and CAH NAPLs were
identified as follows:

" e Historical documents were reviewed to identify known contaminant releases or NAPL
occurrences at specific wells;

e Identification of NAPL samples or multiphase groundwater samples in SWD;

o Identification of wells with the most elevated concentrations of parent solvents by inspection of
plume maps for specific time periods; and

e Percent solubility calculations that suggest the presence of NAPLs.

NAPL occurrences.were not identified in SWD for any of the PSA2 wells.

Historical analyses of CAH concentrations in groundwater from PSA2 were retrieved from SWD, the
percent solubility calculated, and compared against the published solubility of each compound in pure
water. A commonly used rule of thumb is that CAH solubilities greater than 1% may indicate the
presence of a nearby NAPL source area at or immediately upgradient of the well (Brady et al., 1999).

~Table-5-11 tabulates percent solubility statistics for PSA2 wells v!;gfe Vthermciaan CAH concentrations in
groundwater exceeded 1% of the solubility. Table 5-11 indicates that free phase parent solvents could ~~~~ "~~~ =~~~

potentially be present as DNAPLs near wells 06691, 0174, and 07391.

Table 5-11 Percent Solubility Statistics for CAHs in PSA2 Groundwater

Minimum Mean Maximum Standard Number of
CAH Weli o o o Deviation Data
) % Solubility { % Solubility | % Solubility % Solubility Records
CT 06691 0.01 4.44 12.42 4.16 19
.PCE 0174 0.01 417 35.13 6.66 26
TCE 07391 0.00 6.37 20.00 444 50
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"Table 5-12 summarizes the bulk attenuation rate constants (K) and half-lives for PSA3. .

" 04-RF-00358
5.3 NATURAL ATTENUATION IN PSA3

This section presents data interpretations describing the location and extent of natural attenuation
processes in groundwater beneath PSA3. In particular, biodegradation is discussed if sufficient data were

~ available to interpret its occurrence.

5.3.1 Biodegradation Screening

PSA3 shares the same well coverage as PSA2. Therefore, the Wiedemeier scores are the same for both
PSAs. PSA3J scoresat individual wells were generally low, ranging between -3 at well 4487 and 14 at
well 11791. Most PSA3 wells show no evidence or inadequate evidence of biodegradation. - A few wells
show limited evidence of biodegradation.

5.3.2 Point Attenuation Rate Constants from Natural Log C Versus Time Plots

Point attenuation rates were computed for wells in PSA3 and were used to estimate the amount of time
required for CAHs to naturally attenuate. Wells exhibiting the slowest attenuation rates are discussed
below since the overall plume is not considered to have attenuated until all contaminants have reached
their Tier II groundwater action levels.

TCE in wells 07391 and 0271 are predicted to reach Tier II by 2284 and 2021, respectively. Well 07391
had an initial TCE concentration at time zero of 73,940 ug/L. The natural attenuation TCE half-lives

estimated at wells 07391 and 0271 are 21.1 and 34.8, respectively. CF in well 07391 is predicted to reach
Tier II by 2078.

5.3.3 Bulk Attenuation Rate Constants from Natural Log C Versus Distance Plots

Table 5-12 Bulk Attenuation Rate Constants (K,) and Half-Lives for PSA3 .

Time Bulk Attenuation Bulk Attenuation
PSA Constituent Rate K, Half-Life
Period
(per yr) (yn)
3 1992-1993 1,1,1-TCA 0.248 2.8
3 1992-1993 1,1-DCE 0.397 1.7
3 2000-2001 MC 0.540 1.3
3 2002-2003 TCE 0.495 1.4
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5.3.4 Biodegradation Rates in PSA3

04-RF-00358

The only biodegradation rate estimated in PSA3 is 0.99 per year for TCE during 2002-2003. The
correspondmg biodegradation half-life is 0.7 years.

5.3.5 Other Lines of Evidence of Biodegradation

Wells 00391 and 90299 in PSA2 have been noted to have sulfurous, swampy, or sewage odors. These
olfactory indicators suggest that groundwater at these wells is locally anoxic and biodegradation is
occurring. '

5.3.6 Potential Contaminant Source Areas in PSA3

Historical analyses of CAH concentrations in groundwater from PSA3 were retrieved from SWD, the
percent solubility calculated, and compared against the published solubility of each compound in pure
water. A commonly used rule of thumb is that CAH solubilities greater than 1% may indicate the

. presence of a nearby NAPL source area at or immediately upgradient of the well (Brady et al., 1999).

Table 5-13 tabulates percent solubility statistics for PSA3 wells where the mean CAH concentrations in
groundwater exceeded 1% of the solubility. Table 5-13 indicates that free phase parent solvents could
potentially be present as DNAPLSs near wells 06691, 0174, and 07391.

Table 5-13 Percent Solubility Statistics for CAHs in PSA3 Groundwater

Minimum Mean Maximum Standard Number of
CAH Well | o/ Solubility | % Solubility | % Solubility ‘%DSe:li::)i;;;lty R':c‘;‘r‘:ls
CT 06691 0.01 444 12.42 4.16 19
PCE 0174 0.01 417 35.13 6.66 2
TCE 07391 000 | 637 72000 T a4s - [ os0 -

54 NATURAL ATTENUATION IN PSAS

This section presents data interpretations describing the location and extent of natural attenuation
processes in groundwater beneath PSAS. In particular, biodegradation is discussed if sufficient data were
available fo interpret its occurrence. ‘
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5.4.1 Biodegradation Screening

Wiedemeier scores were computed for groundwater from 37 monitoring wells in PSAS. The maximum
Wiedemeier scores at individual wells in PSAS were generally low, ranging between -3 at well 15199 and
10 at well 3586. The average score for the wells in PSA5 was 3.4 points with a standard deviation of 3.1.
Scores less than 1 indicate no evidence of biodegradation; 1 to 5 points is inadequate evidence of
biodegradation; and 6 to 14 points is limited evidence of biodegradation. Therefore, most PSAS wells
show no evidence or inadequate evidence of blodegradatlon

5.4.2 Point Attenuation Rate Constants from Natural Log C Versus Time Plots

Point attenuation rates were computed for wells in PSAS and were used to estimate the amount of time
required for CAHs to naturally attenuate. Wells exhibiting the slowest attenuation rates are discussed
since the overall plume is not considered to have attenuated until all contaminants have reached their Tier
11 groundwater action levels. :

TCE at well 0174 has a half-life of 19 years and is predicted to reach Tier I by 2161. MC in well 00897
had an initial concentration three times that of the TCE at well 0174, but has a short half-life of 1.1 years
and is predicted to reach Tier II by 2009.

5.4.3 Bulk Attenuation Rate Constants from Natural Log C Versus Distance Plots
Table 5-14 summarizes the bulk attenuation rates (K,) and half-lives for PSAS.

Table 5-14 Bulk Atte nuation Rates (K,) and HalfLives in PSAS

Time Bulk Attenuation | Bulk Attenuation
PSA Period Constituent Rate K, Half-Life

_ o (per year) (years)

5 2002-2003 CF 1505 | 05

5 1992-1993 CF 3.674 0.2

5 2002-2003 cis-1,2-DCE 1.710 0.4

5 2002-2003 MC 2.725 0.3

5 2000-2001 MC 2.899 0.2

5 1998-1999 MC 1.826 0.4

5 1990-1991 MC 0.029 23.9

50 2000-2001 PCE 1.193 0.6

5 1998-1999 PCE 0.727 1.0
7//(/ l Review Exemption: CEX-105-01
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Time Bulk Attenuation | Bulk Attenuation
PSA Constituent Rate K, Half-Life
Period
(per year) (years)
5 2002-2003 TCE 0.333 2.1
5 2000-2001 TCE 1.959 0.4
5 1986-1987 TCE 0.294 24
5.4.4 Biodegradation Rates in PSAS
Table 5-15 summarizes the biodegradation rates for PSAS.
Table 5-15 Biodegradation Rates in PSAS
Time Biodegradation Biodegradation
PSA Constituent Rate Half-Life
Period
(per year) (years)
5 1992-1993 CF 5.703 0.1
5 2002-2003 CF 1.845 0.4
5 1998-1999 MC 2.432 0.3

5.4.5 Potential Contaminant Source Areas in PSAS

Historical analyses of CAH concentrations in groundwater from PSAS5 were retrieved from SWD, the
percent solubility calculated, and compared against the published solubility of each compound in pure
water. A commonly used rule of thumb is that CAH solubilities greater than 1% may indicate the
presence of a nearby NAPL source area at or immediately upgradient of the well (Brady et al., 1999).

Table 5-16 tabulates percent solubility statistics for PSAS5 wells where the mean CAH concentrations in
~ groundwater exceeded 1% of the solubility. Table 5-13 indicates that free phase parent solvents could - .
potentially be present as PCE DNAPL near well 0174. This well is also located in PSAs 2 and 3.

Table 5-16 Percent Solubility Statistics for CAHs in PSAS Groundwater

CAH Well Minimum Mean Maximum IS):';::;;: Number of
o, ()
% Solubility | % Solubility | % Solubility % Solubility Data Records
PCE 0174 0.01 4.17 35.13 6.66 26
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5.5 NATURAL ATTENUATION IN PSA7

This section presents data interpretations describing the location and extent of natural attenuation
processes in groundwater beneath PSA7. In particular, biodegradation is discussed if sufficient data were
available to interpret its occurrence. '

5.5.1 Biodegradation Screening

Wiedemeier scores were computed for groundwater from 65 monitoring wells in PSA7. The maximum
Wiedemeier scores at individual wells in PSA7 were generally low, ranging between -1 at well 2487 and
12 at well 05691. The average score for wells in PSA7 was 4.0 points with a standard deviation of 3.4.
Scores less than 1 indicate no evidence of biodegradation; 1 to 5 points is inadequate evidence of
biodegradation; and 6 to 14 points is limited evidence of biodegradation. Therefore, most PSA7 wells
show no evidence or inadequate evidence of biodegradation.

5.5.2 Point Attenuation Rate Constants from Natural Log C Versus Time Plots

Point attenuation rates were computed for wells in PSA7 and were used to estimate the amount of time
required for CAHs to naturally attenuate. Wells exhibiting the slowest attenuation rates are discussed
since the overall plume is not considered to have attenuated until all contaminants have reached their Tier
II groundwater action levels.

CT in well 12191 (Path A) is predicted to naturally attenuate to Tier II by 2243 based on a half-life of 47
years. CT and PCE in well 2587 is estimated to reach Tier Il in 2186 and 2045, respectively.

5.5.3 Bulk Attenuation Rate Constants from Natural Log C Versus Distance Plots

“T 77 ~"Table 5-17 summarizes-the bulk-attenuation rates.(Ky).and half-lives for PSA7. _

Table 5-17 Bulk Attenuation Rates (K;) and Half-Lives in PSA7

Time Bulk Attenuation Bulk Attenuation
PSA Period Constituent Rate K;, Half-Life
erlo (per year) (years)
7 1996-1997 1,1,1-TCA 0.030 228 -
7 1994-1995 1,1,1-TCA 0.589 i.2
7 1990-1991 1,1,1-TCA 0.294 . 2.4
7 2002-2003 1,1-DCE 0.405 1.7

7/7/\&\ Review Exemption: CEX-105-01

5-118



04-RF-00358

Time Bulk Attenuation Bulk Attenuation
PSA Constituent Rate K, Half-Life
Period
(per year) (years)

7 1996-1997 1,1-DCE 0.202 3.4

7 1994-1995 1,1-DCE 0.225 3.1

7 1990-1991 1,1-DCE 1.215 0.6

7 1994-1995 CF 0.557 1.2

7 2002-2003 cis-1,2-DCE 0.427 1.6

7 1994-1995 cis-1,2-DCE © 0.453 1.5

7 1992-1993 cis-1,2-DCE 0.507 1.4

7 1990-1991 cis-1,2-DCE 0.400 1.7

7 1996-1997 CT 0.400 1.7

7 1994-1995 CT 0.338 2.0

7 1990-1991 CT 0.138 5.0

7 1994-1995 MC 0.651 1.1

7 1990-1991 MC 0.217 3.2

7 2002-2003 PCE 0.209 3.3

7 . 1994-1995 PCE 0.200 3.5

7 1992-1993 PCE 0.100 6.9

7 1990-1991 PCE 0.054 12.7

7 2002-2003 TCE 0.458 1.5

7 1994-1995 TCE 0.073 9.5

7 1992-1993 TCE 0.238 2.9

7 1990-1991 TCE 0.055 12.6

5.5.4 Biodegradation Rates in PSA7
Table 5-18 summarizes the biodegradation rates for PSA7.
-- Table 5-18. Biodegradation Ratesin PSA7 o
Time Biodegradation Biodegradation
PSA Constituent Rate Half-Life
Period
(per year) (years)

7 1994-1995 1,1,1.-TCA 0.768 0.9
7 1990-1991 1,1,1-TCA 0.339 2.0

7 1996-1997 LL,I-TCA 0.031 224

7 1990-1991 i,i-DCE 1.560 04

7 2002-2003 1,1-DCE 0.443 1.6

7 1996-1997 1,1-DCE . 0.212 33
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Time Biodegradation Biodegradation
PSA Period Constituent Rate Half-Life
(per year) (years)
7 2002-2003 cis-1,2-DCE 0.463 1.5
7 1990-1991 cis-1,2-DCE 0.432 1.6
7 1994-1995 MC 0.733 0.9
7 1990-1991 MC 0.226 3.1
7 2002-2003 TCE 0.518 1.3

5.5.5 Potehtial Contaminant Source Areas in PSA7

Historical analyses of CAH concentrations in groundwater from PSA7 were retrieved from SWD, the
percent solubility calculated, and compared against the published solubility of each compound in pure
water. A commonly used rule of thumb is that CAH solubilities greater than 1% may indicate the
presence of a nearby NAPL source area at or immediately upgradient of the well (Brady et al., 1999).

Table 5-19 tabulates percent solubility statistics for PSA7 wells where the mean CAH concentrations in
groundwater exceeded 1% of the solubility. Table 5-19 indicates that free phase parent solvents could

potentially be present as TCE DNAPL near wells 3687, 20891, and 20991.

Table 5-19 Percent Solubility Statistics for CAHs in PSA7 Groundwater

CAH Well Minimum Mean Maximum Is)te‘:'ilgt’;;: Number of
€ % Solubility | % Solubility| % Solubility % Solubility Data Records
TCE 20891 1.92 1.92 1.92 1
TCE 20991 2.63 2.63 2.63 1
TCE 3687 0.00 2.75 20.17 3.55 69
5.6 NATURAL ATTENUATION IN PSA10

This section presents data interpretations describing the location and extent of natural attenuation
processes in groundwater beneath PSA10. In particular, biodegradation is discussed if sufficient data
were available to interpret its occurrence.
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5.6.1 Biodegradation Screening

Wiedemeier scores were computed for groundwater from 76 monitoring wells located in PSA10. The
maximum Wiedemeier scores at individual wells in PSA10 were generally low, ranging between -3 at
well 59294 and 10 at well 6886. The average score for wells in PSA10 was 3.2 points with a standard
deviation of 2.7. Scores less than 1 indicate no evidence of biodegradation; 1 to 5 points is inadequate
evidence of biodegradation; and 6 to 14 points is limited evidence of biodegradation. Most PSA10 wells
show no evidence or inadequate evidence of biodegradation.

5.6.2 Point Attenuation Rate Constants from Natural Log C Versus Time Plots

Point attenuation rates were computed for wells in PSA10 and were used to estimate the amount of time
required for CAHs to naturally attenuate. Wells exhibiing the slowest attenuation rates are discussed
since the overall plume is not considered to have attenuated until all contaminants have reached their Tier
II groundwater action levels.

PCE in well P416889 is predicted to naturally attenuate to Tier Il by 2193 based on a half-life of 63 years.
PCE and TCE in well 41299 appears to attenuate much faster and is predicted to naturally attenuate to
Tier I by 2016 and 2008, respectively. ‘

5.6.3 Bulk Attenuation Rate Constants from Natural Log C Versus Distance Plots
Table 5-20 summarizes the bulk attenuation rates (K,) and half-lives for PSA10.

Table 520 Bulk Attenuation Rates (Ky) and Half-Lives in PSA10

Time Bulk Attenuation Bulk Attenuation
PSA . Constituent Rate K, Half-Life
Period
_ ‘ (per year) (years)

10 2002-2003 cis-1,2-DCE 0.024 290 ’
10 2000-2001 MC ' 0.033 209
10 2002-2003 PCE .0.003 234.0
10 2000-2001 PCE 0.004 156.0
10 1996-1997 ' TCE 0.010 66.2

5.6.4 Biodegradation Rates in PSA10

Table 5-21 summarizes the biodegradation rates and half-lives for PSA10.
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Table 5-21 Biodegradation Rates and HalfLives in PSA10
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Time Biodegradation Biodegradation
PSA Constituent Rate Half-Life
Period
(per year) (years)
10 2002-2003 cis-1,2-DCE 0.025 274
10 2000-2001 MC 0.036 19.4
10 1996-1997 TCE 0.011 63.9

5.6.5 Other Lines of Evidence of Biodegradation

PSA10 wells 21097, 58194, 58594, 59393, 62793, and 62893 have been noted to have sulfurous,
swampy, or sewage odors. These olfactory indicators may suggest that groundwater at these wells is
locally anoxic and biodegradation is occurring.

5.6.6 Potential Contaminant Source Areas in PSA10

‘ Historical analyses of CAH concentrations in groundwater from PSA10 were retrieved from SWD, the
} percent solubility calculated, and compared against the published sdlubility of each compound in pure
} water. A commonly used rule of thumb is that CAH solubilities greater than 1% may indicate the

| presence of a nearby NAPL source area at or immediately upgradient of the well (Brady et al., 1999).

1 None of the mean concentrations of CAHs in PSA10 exceeded 1% solubility.

w 5.7 NATURAL ATTENUATION IN PSA‘i2

| This section presents data interpretations describing the location and extent of natural attenuation
1 processes in groundwater beneath PSA12. In particular, biodegradation is discussed if sufficient data
N - were available to interpret its occurrence.

5.7.1 Biodegradation Screening

| Wiedemeier scores were comphted for groundwater from 54 monitoring wells in PSA12. The maximum
‘ Wiedemeier scores at individual wells in PSA12 were generally low, ranging between -3 at well 21398

| and 19 at well 1986. The average score for wells in PSA12 was 3.2 points with a standard deviation of

} 3.7. Scores less than 1 indicate no evidence of biodegradation; 1 to 5 points is inadequate evidence of

| biodegradation; and 6 to 14 points is limited evidence of biodegradation. Most of the wells in PSA12

‘ show no or inadequate evidence of biodegradation. However, well 1986 (19 points) has adequate

\
\
|
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evidence of biodegradation. Wells P115589 and P115689 (9 points) show limited evidence of
biodegradation.

5.7.2 Point Attenuation Rate Constants from Natural Log C Versus Time Plots

Point attenuation rates were computed for wells in PSA12 and were used to estimate the amount of time
required for CAHs to naturally attenuate. Wells exhibiting the slowest attenuation rates are discussed
since the overall plume is not considered to have attenuated until all contaminants have reached their Tier
II groundwater action levels.

The longest predicted attenuation period in PSA12 is for TCE at, well 21598. TCE is predicted to
naturally attenuate to Tier II by 2076 based on a half-life of 19 years. CT in well 21298 is predicted to
naturally attenuate to Tier II by 2071 based on a half-life of 63. PCE is predicted to be rapidly attenuated
at well 84702 reaching Tier II by 2005 based on a half-life of 0.5 years.

5.7.3 Bulk Attenuation Rate Constants from Natural Log C Versus Distance Plots-

Table 5-22 summarizes the bulk attenuate rates (K,) and half-lives for PSA12.

Téble 5-22 Bulk Attenuation Rates and HalfLives in PSA12

) Time Bulk Attenuation Bulk Attenuation
PSA Period Constituent Rate K, Half-Life
(per year) (years)
12 2002-2003 1,1-DCA 0.543 1.3
12 1998-1999 1,1-DCA 0.724 1.0
12 2002-2003 1,1-DCE 0.187 37
N 12 1998-1999 1,1-DCE 0.034 20.4
} T 12T T 1998-1999 < | < cis<1;2DCE- f - - 1048 - |- . 07, _ . _
‘ 12 2002-2003 MC 0.041 16.9
1 12 1998-1999 MC 0.389 1.8
| 12 2002-2003 PCE 0.007 101.1
| 12 1998-1999 PCE 0.117 5.9
12 1998-1999 TCE 0.152 45
| i2 2002-2003 vC 1.983 0.3
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5.7.4 Biodegradation Rates in PSA12

Table 5-23 summarizes the biodegradation rates and half-lives for PSA12.

Table 5-23 Biodegradation Rates in PSA12

04-RF-00358

Time Biodegradation Biodegradation
PSA Period Constituent Rate Half-Life
(per year) (years)
12 1998-1999 1,1-DCA 0.846 0.8
12 2002-2003 1,1-DCA 0.612 1.1
12 1998-1999 cis-1,2-DCE 1.335 0.5
12 . 2002-2003 MC 0.041 16.7

5.7.5 Other Lines of Evidence of Biodegradation

PSA12 wells 21698, 21998, and 84602 have been noted to have sulfurous, swampy, or sewage odors.
These olfactory indicators may suggest that groundwater at these wells is locally anoxic and
biodegradation is occurring,

5.7.6 Potential Contaminant Source Areas in PSA12

Historical analyses of CAH concentrations in groundwater from PSA12 were retrieved from SWD, the
percent solubility calculated, and compared against the published solubility of each compound in pure
water. A commonly used rule of thumb is that CAH solubilities greater than 1% may indicate the
presence of a nearby NAPL source area at or immediately upgradient of the well (Brady et al., 1999).

Table 5-24 tabulates percent solubility statistics for PSA 12 wells where the mean CAH concentrations in

potentially be present as CT DNAPL near wells 5670.

~ groundwater exceeded 1% of the solubility- Table 5-24-indicates that free phase parent solvents could

Table 5-24 Percent Solubility Statistics for CAHs in PSA12 Groundwater

Standard

Minimum Mean Maximum Number of
CAH Well o o o Deviation
% Solubility | % Solubility | % Solubility % Solubility Data Records
Carbon Tetrachloride 5670 1.09 1.09 1.09 1
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58 NATURAL ATTENUATION IN PSA14

This section presents data interpretations describing the bcation and extent of natural attenuation
processes in groundwater beneath PSA14. In particular, biodegradation is discussed if sufficient data
were available to interpret its occurrence.

5.8.1 Biodegradation Screening

Wiedemeier scores were computed for groundwater from 54 monitoring wells in PSA12. The maximum
Wiedemeier scores at individual wells in PSA12 were generally low, ranging between -3 at well 21398
and 19 at well 1986. The average score for wells in PSA12 was 3.2 points with a standard deviation of
3.7. Scores less than 1 indicate no evidence of biodegradation; 1 to S points is inadequate evidence of
biodegradation; and 6 to 14 points is limited evidence of biodegradation. Most of the wells in PSA12
show no or inadequate evidence of biodegradation. However, well 1986 (19 points) has adequate
evidence of biodegradation. Wells P115589 and P115689 (9 points) show limited evidence of
biodegradation. '

Wiedemeier scores were computed for groundwater from 54 monitoring wells in PSA14. The maximum
Wiedemeier score at individual wells in PSA14 were generally low, ranging between -3 at well 30002 and
19 at well 1986. The average score for the wells in PSA 14 was 3.9 points with a standard deviation of
4.5. Scores less than 1 indicate no evidence of biodegradation; 1 to 5 points is inadequate evidence of
biodegradation; and 6 to 14 points is limited evidence of biodegradation. Most PSA14 wells show no
evidence or inadequate evidence of biodegradation. Well 1986 (19 points) has adequate evidence of
biodegradation. Well 18599 (14 points) shows limited evidence of biodegradation.

After well 33502 (PSA13), well 1986 has the second highest Wiedemeier score (19) at the RFETS and
shows adequate evidence of biodegradation. Well 1986 groundwater has elevated mean concentrations of
ferrous and total iron at 26.8 and 29.9 mg/L, respectively. Low levels of dissolved sulfide were detected

- _in the well at a concentration of 3 pg/L. The mean ORP reading in this well is —115 mV at a near-neutral
pH of 6.88. Finally, the average DO content of this groundwater is low (1.6 ing/L). In particular, the low-- - -

ORP in combination with elevated Fe(II) and detectable sulfide suggest that the groundwater is capable of
reducing sulfate and Fe(Ill). This is a suitable environment for biodegradation via reductive
dechlorination. '

5.8.2 Point Attenuation Rate Constants from Natural Log C Versus Time Plots

Point attenuation rates were computed for wells in PSA14 and were used to estimate the amount of time
required for CAHs to naturally attenuate. Wells exhibiting the slowest attenuation rates are discussed
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since the overall plume is not considered to have attenuated until all contaminants have reached their Tier
II groundwater action levels.

CF at well 18799 is predicted to naturally attenuate to Tier II by 2455 based on a half-life of 190 years. It
has the longest predicted attenuation rate in PSA14.. PCE at well 18499 is estimated to naturally attenuate

to Tier II by 2042, at a half-life of 10 years.

5.8.3 Bulk Attenuation Rate Constants from Natural Log C Versus Distance Plots

Table 5-25 summarizes the bulk attenuation rates (Ks) and half-lives for PSA14.

Table 5-25 Bulk Attenuation Rates (K,) and Half-Lives in PSA14

Time Bulk Attenuation | Bulk Attenuation
PSA Period Constituent Rate K, Half-Life
(per year) (years)
14 2000-2001 1,1-DCA 0.087 7.9
14 1998-1999 1,1-DCA 0.139 5.0
14 1998-1999 1,1-DCE 0.086 8.0
14 2002-2003 CF 0.243 2.9
14 2000-2001 CF 0.291 24
14 1998-1999 CF 0.160 4.3
14 1998-1999 cis-1,2-DCE 0.032 21.8
14 2002-2003 T 0.145 4.8
14 2000-2001 cr 0.065 10.6
14 1998-1999 cT 0.126 5.5
‘14 2002-2003 MC 0.165 . 4.2
14 - — --2000-2001 - — .| — .. MC.. _ | _ _ 0.086 80 1
14 1998-1999 MC 0.155 4.5
14 2002-2003 PCE 0.075 - 93
14 2000-2001 PCE 0.069 10.1
14 1998-1999 PCE 0.087 8.0
14 2002-2003 TCE 0.019 357
14 2000-2001 TCE 0.053 13.0
14 1998-1999 TCE 0.102 6.8
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58.4 Biodegradation Rates in PSA14

Table 5-26 summarizes the biodegradation rates and half-lives for PSA14.

Table 5-26 Biodegradation Rates and HalfLives in PSA14

04-RF-00358

Time Biodegradation Biodegradation
PSA Period Constituent Rate Half-Life
(per year) (years)
14 1998-1999 1,1-DCA 0.164 4.2
14 2000-2001 1,1-DCA 0.097 71
14 1998-1999 1,1-DCE 0.100 7.0
14 - 2000-2001 CF 0.393 1.8
14 - 1998-1999 cis-1,2-DCE 0.033 20.8
14 2000-2001 PCE 0.089 7.8
14 2000-2001 TCE 0.060 11.6
14 2002-2003 TCE 0.020 342

5.8.5 Other Lines of Evidence of Biodegradation

PSA14 wells 20398, 20498, 20798, 20998, and 21698 have been noted to have sulfurous, swampy, or
sewage odors. These olfactory indicators may suggest that groundwater at these wells is locally anoxic
and biodegradation is occurring.

5.8.6 Potential Contaminant Source Areas in PSA14

Table 5-27 was compiled from the results of a search of the SWD database for potential NAPL samples.

- These samples are believed to represént various NAPL portions and groundwater.- Analytical datafor. — -

these mixed-media samples are not representative of Site groundwater quality and were not used to
calculate rate constants or are depicted on graphs.

. Although no reports of fuel releases have been found, No. 2 diesel fuel was detected in TPH analyses of

NAPL samples from PSA14 during 1997 (RMRS, 1997). Table 5-27 indicates that up to 3,200 mg/L of
TPH was found as a possible LNAPL floating on groundwater and DNAPL in one or more wells.

PSA14 wells known or suspected to contain CT DNAPLSs include 05197, 05397, 05497, 05897, 05997,
and 18599. Substantial concentrations of CF and MC are associated with the CT, and the presence of
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these daughter products suggests that biodegradation is taking place (Table 5-27). The No.2 diesel fuel is

probably helping to lower the Eh and provides a carbon source for reductive dechlorination.

Table 5-27 Mixed-Media NAPL and Groundwater Samples Collected from Wells in PSA14

F; b g o
25| 55| €a | £%2
Sample Sample Collection | = 2! 2% Y 2ES
Well Number Medium' Date ESE| 5SE S E s = g
. zZ~ &) E- = z [SR=g
@ @ Q
< b
Silty water with
05197 | GW10016RM some NAPL 9/26/1997 <6.2 240 35 23
droplets
Water with thin
05397 | GW10019RM LNAPL slick 9/26/1997 <6.2 680 26 25
40% DNAPL, and
05397 | GW10022RM potential LNAPL 9/26/1997 1700 120000 <5000 <5000
Probably water and
05497 | GWO0630S5TE DNAPL 3/8/1999 690000
Pure DNAPL in
05497 | GW10018RM VOC sample 9/26/1997 3100 180000 2700 2500
: Mostly water with
05497 | GWI10023RM | 10% DNAPL and | 9/26/1997 3200 1100 <5000 180
possibly LNAPL
Pure DNAPL in
05497 | GW10026RM VOC sample 9/26/1997 3200 130000 <5000 3600
Probably water and
05897 | GW10020RM DNAPL 9/26/1997 250000
05897 | GW10025RM DNAPL 9/26/1997 2600 250000 3800 2600
05997 | GW10021RM Pure DNAPL 9/26/1997 2600 240000 3600 <5000
960,
05997 | GwW10024rM | 20-25%DNAPL, 1 0001097 | 2700 880 160 13
rest water
18599 | GWO06289TE DNAPL 3/2/1999

! Sample medium description based on EVENT_COMMENT in SWD and RMRS (1997) Pre-Remedial Investigation of IHSS 118.1 Summary

Historical analyses of CAH concentrations in groundwater from PSA14 were retrieved from SWD, the
percent solubility calculated, and compared against the published solubility of each compound in pure
water. A commonly used rule of thumb is that CAH solubilities greater than 1% may indicate the
presence of a nearby NAPL source area at or immediately upgradient of the well (Brady et al., 1999).

Table 5-28 tabulates percent solubility statistics for PSA14 wells where the mean CAH concentrations in
groundwater exceeded 1% of the solubility. Table 5-28 indicates that free phase parent solvents could
potentially be present CT DNAPL in PSA 14 (IHSS 118.1) and 1,1,1-TCA DNAPL near well 18399.

5-128
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Table 5-28 Percent Solubility Statistics for CAHs in PSA14 Groundwater
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cam | wan |Molmum | Memn | Mustmem | gl | Nemberof
% Solubility
CT 18199 0.25 2.98 4,84 1.06 24
1,1,1-TCA 18399 6.34 6.34 6.34 1
CT 18399 1.37 3.62 6.83 1.89 9
CT 18499 1.19 3.04 718 1.64 13
CT 18599 0.13 2.39 4.97 2.16 7
CT 5670 1.09 1.09 1.09 1
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6 CONCLUSIONS

The natural attenuation rates of CAHs in groundwater at the RFETS have been evaluated using lines of
evidence suggested in the published literature. These lines of evidence include estimation of
biodegradation rate constants, bulk attenuation rate constants, point attenuation rate constants, and overall
mass removal of CAHs from groundwater. '

Several hundred two-dimensional charts were prepared to:

Estimate attenuation rate constants;
Identify redox environments that support biodegradation;
Visualize the extent of natural attenuation of CAHs over time; and

Interpret the attenuation of CAH concentrations with groundwater migration distance along a
contaminant plume flowpath.

An additional line of evidence was developed through the construction of isopleth maps of CAH plume
extents during two-year time periods for the 18 years of groundwater monitoring data currently available.
Three different sets of isopleth maps were created to meet different objectives.

Detects and Nondetects — These maps were designed to show all of the available data and areal
extent of CAHs for each time period by plotting detected concentrations to the lowest reporting
limit. They also indicate data below the reporting limit where wells contained groundwater
lacking detectable concentrations of CAHs; '

Tier II Plume Maps — Plumes were defined in this report as areas where aqueous CAH
concentrations exceeded Tier II groundwater action levels. These maps show Tier I
concentrations and greater. Only well control is shown below Tier Il. To facilitate comparing
_parent CAH plumes between t1me penods all the maps a common set of contour intervals

depending on the CAH.; and : B

Tier I Plume Maps — Only 6 CAHs were found to have plumeé with concentrations greater than
Tier I groundwater action levels during 2002-2003. Maps were included for Tier I plumes
because they may require further evaluation for potential remedial actions. Other than natural
attenuation, remedial actions were not evaluated in this report..

The above three sets of isopleth maps were discussed in Section 5. Many other isopleth maps are
provided in Appendix F. The 6 Tier | CAH plumes presently existing in groundwater at RFETS include
CT, CF, PCE, TCE, 1,1-DCE, and VC. .

05
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Wiedemeier scores were used as a screening tool to quickly assess the extent of biodegradation at the Site.
This screening system is based on the concept that biodegradation will cause predictable changes in
groundwater chemistry (EPA, 1998). If most of the relevant water quality parameters are measured, then
their concentrations may be scored using this system and assign points to each parameter at each well.
The total number of points produce a Wiedemeier score for each well.

The available field and laboratory analyses at each well were scored under the Wiedemeier system.
Wiedemeier scores for 579 monitoring wells at the RFETS ranged from a minimum of -3 points to a
maximum of +22 points. These data had a mean of 3 points and a standard deviation of 3.4 points. The
mean plus two standard deviations (M2SD) Wiedemeier score was 9.82. Cumulative frequency data
indicate that about 99.2% of wells at the RFETS have Wiedemeier scores <15 points indicating less than
adequate evidence of biodegradation.

Based on presently available data, well 33502 is the only well at the RFETS with strong evidence of
biodegradation based on the Wiedemeier scores. Well 33502 had a maximum score of 22. Well 33502 is
located in PSA13 beneath Sage Avenue, just north of B-335. Well 33502 groundwater contains elevated
VC concentrations (e.g., 1,200 pug/L in February 2003). Potential indicators of biodegradation at well
33502 include elevated mean concentrations of ferrous iron (22 mg/L), total iron (30 mg/L), low ORP
(-154 mV) at field pH 6.95, and detectable sulfide (20 pg/L). DO concentrations in groundwater at well
33502 are relatively low for the RFETS groundwater, averaging 1.6 mg/L.

Only one other well, well 1986, had adequate evidence of biodegradation with a maximum Wiedemeier
score of 19. Well 1986 is located in PSA14 about 1500 feet northeast of well 33502. Well 1986 appears
to be located in the original drainage west of B-771. All other wells had Wiedemeier scores of 14 points
or less: ‘

» 125 wells fell in the limited evidence of biodegradation category (6 to 14 points);
e 349 wells had inadequate evidence of biodegradation (1 to S points); and

e Hundreds of other wells and drains showed no positive evidence of biodegradation.

Approximately 170 charts were prepared by plotting In C versus D using data from wells located along a
flowpath in each PSA. Each chart shows the trend in detected concentrations of a single CAH in
groundwater at multiple wells located along a flowpath for a limited time interval

These plots were prepared to determine K, values for individual CAHs in each of 7 PSAs of interest
during periods with sufficient analytical data. K, values constants are useful for two purposes. They can
be used to predict the future extent, or size of a plume, and whether it should grow, shrink, or remain at
steady-state. Second, the slopes that are used to compute K, values can be used to estimate
biodegradation rate constants for steady-state plumes.
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Generally, natural attenuation processes reduce contaminant concentrations during groundwater migration
along a flowpath from a contaminant source area. One hundred and three of the In C-vs-D plots exhibited
regression lines with negative slopes (positive K, rates) indicating that the concentrations of CAHs were
naturally attenuated during contaminant migration. However, another 64 of the In C-vs-D plots had
positive slopes (negative K, rates) indicating that the concentrations of some contaminants were actually
increasing through time in groundwater at the RFETS.

K, values were used to predict the amount of time required for a CAH to degrade to the Tier II
groundwater action level. A wide range of predicted decay times were found for the CAHs evaluated
Positive degradation times ranged from one to more than 1,200 years to attenuate to Tier IL.

When K, values were used to predict if plumes would grow or shrink, the data indicated that most plumes
at the RFETS would grow. Sixty-one results (Table 5-4) indicated that plumes would grow, while 35
were predicted to remain steady (within 25% of length). Only 7 of the plumes were predicted to shrink.

Plumes that were predicted to shrink appear to be attenuating faster, at an average K,, half-life of 7.5
years. Plumes predicted to grow were attenuating slower, with average K, half-lives of 19.8 years. The
half-life of steady-state plumes averaged 15.1 years.

Grouping the bulk attenuation rates by CAH yielded positive K, values for 10 CAHs. Arranged from
highest to lowest average K, rate per year, these CAHs (and their K, value) included VC (1.98), CF
(0.66), MC (0.60), cis-1,2-DCE (0.51), TCE (0.28), 1,1-DCA (0.26), 1,1-DCE (0.25), 1,1,1-TCA (0.20),
PCE (0.17), CT (0.14).

In summary, 62% of the In C-vs-D jalots had negative slopes and positive bulk attenuation rate constants,
indicating that natural attenuation processes are lowering CAH concentrations in groundWater at the
RFETS. However, 38% of the In C-vs-D plots indicated that CAHs were locally increasing in
concentration faster than they could be destroyed by biodegradation or hydrolysis or otherwise naturally
attenuated through sorption, volatilization, dilution, and dispersion. The most likely explanation is that

- the plotted plume-segments.with positive slopes.show only the rising limb of increasing daughter product
- concentrations. If additionalgroundwater monitoring data were available along the full length of the

CAH plume flowpaths, then the daughter concentrations would peak and attenuate with distance in
accordance with the conceptual model Figure 3-5.

Biodegradation rates were computed for the attenuation of CAHs in groundwater at the RFETS. This was
done using the 1D method of Buscheck and Alcantar (1995), recognizing that this method likely
overestimates the true biodegradation rate (Zhang and Heathcote, 2003). Lack of data concerning the
dimensions and exact location of contaminant source areas precluded the application of more
sophisticated methods.
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The 1D method requires that the plume is at steady-state during the time period, otherwise the computed
rate constant will be an approximation of the biodegradation rate. Thirty-five biodegradation rate
constants were computed for plumes of individual CAHs which were predicted to remain at steady-state.
A summary of biodegradation rates is provided in Table 6-1.

Table 6-1 Biodegradation Rate Statistics for CAHs in UHSU Groundwater

Minimum Mean Maximum
. N
Biodegradation | Biodegradation Biodegradation Sample umber of
CAH Standard Rate
Rate Rate Rate . e
Deviation | Measurements

(per year) (per year) (per year)
PCE 0.050 0.069 0.089 0.028 2
TCE 0.011 0.320 0.990 0.431 5
¢is-1,2-DCE 0.025 0.457 1.33 0.533 5
1,1,1-TCA 0.023 0.238 0.768 0.326 5
1,1-DCA 0.004 0.304 0.846 0.341 6
1,1-DCE 0.100 0.579 . 1.56 0.670 4
CF 0.393 2.65 5.70 2.74 3
MC . 0.036 0.694 243 1.01 5

Table 6-1 does not include a biodegradétion rate for CT because none of the CT plumes were considered
to be at steady-state. However, an approximate biodegradation rate can be estimated by averaging the
rates for 10 non-steady-state CT plumes. This estimated CT biodegradation rate is 0.163 per year.

CF has the highest mean degradation rate at 2.65 per year and its daughter MC has the second highest
mean of 0.694 per year. These CAHs also have the greatest maximum degradation rates. The slowest
mean rates are for the parent solvents PCE at 0.07 per year, TCE at 0.32 per year, and 1,1,1-TCA at 0.24
per year.

 Biodegradation mean half-lives for CAH compounds-in-groundwater at the RFETS are 1,1,1-TCA at 159 =

years; 1,1-DCA at 30.3 years; 1,1-DCE at 3.0 years; CF at 0.8 years; cis-1,2-DCE at 10.4 years; MC 8.1
at years; PCE at 10.8 years; and TCE at 22.4 years.

The biodegradation rates at the RFETS were compared with those for other chlorinated solvent sites.
Biodegradation rate statistics were compiled from published field and laboratory biodegradation rate
investigations (Aronson and Howard, 1997). All of the mean biodegradation rates at the RFETS are less
than 1.0, except for CF at 2.65 per year. The mean biodegradation rates for non-RFETS sites are much
faster. For example, the non-RFETS CF mean biodegradation rate is 29.2 per year which is 11 times
faster than biodegradation rates determined for the RFETS. The non-RFETS PCE mean biodegradation
rate is 9.86, about 143 times faster than the mean rate at the RFETS. The non-RFETS TCE mean
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biodegradation rate is 4.02, about 12 times faster than the mean rate at the RFETS. Assuming that 1,2-
DCA decays at a similar rate to 1,1-DCA, then the non-RFETS mean biodegradation rate is 2.78, about 9
times faster than 1,1-DCA decays at the RFETS. Comparison of the estimated mean CT biodegradation
rate (0.163 per year) at the RFETS to the non-RFETS mean of 124 per year indicates that the non-RFETS
mean biodegradation rate is 760 times faster than CT biodegradation at the RFETS.

In conclusion, biodegradation rates for CAHs in groundwater at the RFETS are at or near the low end of
published biodegradation rate constants. Biodegradation rate constants computéd from the 1D method of
Buscheck and Alcantar (1995) are believed to overestimate the true rate constant by up to 65% in
comparison to a more rigorous 3D method (Zhang and Heathcote, 2003). Thus, the true biodegradation
rates at RFETS are likely to be even slower. These slow degradation rates would make it difficult to
demonstrate that MNA is a practical groundwater remedial option for CAH-contaminated groundwater at
the RFETS.

Concentration versus time rate constants, also called point attenuation rate constants describe the
attenuation of a CAH plume at a single monitoring well. At most industrial sites with CAH plumes, the
rate of weathering and attenuation of the DNAPLSs in the source area is slower than the rate of attenuation
of dissolved CAHs. In this case, the life-cycle of the groundwater plume is controlled by the rate of
attenuation at the source and can be predicted by point attenuation rates measured for the most
contaminated wells (Newell et al., 2002).

These rate constants are based on the slope of a plot of In C of a CAH versus T. The present investigation
constructed 282 plots of In C-vs-T. Declining or attenuating contaminant concentrations through time are
indicated by negative slopes when regression lines are fitted to the plots. Most of the plots (168)
exhibited negative slopes, while 114 had regression lines with positive slopes, indicathg CAH
concentrations that are not being attenuated.

Point attenuation rates were computed for wells in the 7 PSAs. These rates were used to estimate the time

required for natural attenuation of the CAH plumes. Attenuation rates vary by chemical. The slowest
-~ — -~ -rates are of interest because the.overall plume is not remediated until all contaminants have reached their

attenuation goals (i.e., Tier IT). T

In PSA2 (path A) the longest plume duration for which data are available occurs at well 06691. The TCE
plume at this well is expected to naturally attenuate to Tier II by the year 2106. The TCE decay half-life
is estimated at approximately 24 years at well 06691. The CF plume at this well is predicted to achieve
Tier 11 by 2029.

The TCE plume at PSA2 well 1587 has a shorter half-life of 6.3 years and is predicated to reach Tier II by
2020. PCE at well 1587 is predicted to reach Tier II during 2026. CT in groundwater at well 1587 is
predicted to reach Tier I by 2074.
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Well 07391 (PSA3 path A) had a large concentration of TCE (73,940 pg/L) at time zero. At a natural
attenuation half-life of 21.1 years, TCE in this well is predicted to reach Tier Il in 2284. However TCE at
well 0271 has a 34.8 year half-life and is predicted to reach Tier 1 by 2021. Chloroform in well 07391 is
predicted to reach Tier H by 2078.

The longest identified attenuation period in PSASA is predicted to meet Tier II by 2161 for TCE at well
0174 which has an estimated half-life of 19 years. Interestingly, MC in well 00897 had an initial
concentration three times that of the TCE at well 0174, but it has a short half-life of about 1.1 years and is
predicated to reach Tier II by 2009. :

Well 12191(PSA7) has the longest predicted attenuation period in that PSA. CT in well 12191, with a
half-life of 47 years, is predicted to attenuate to Tier II by 2243. CT and PCE in well 2587 is predicted to
reach Tier II by 2186 and 2045, respectively. '

PCE concentrations in well P416889 attenuate with a half-life of 63 years, yielding the longest predicted
attenuation period for PSA10. The PCE should attenuate by the year 2193. PCE in well 41299
groundwater is predicted to attenuate much more rapidly, reaching Tier II by 2016. TCE in well 41299 is
predicted to reach Tier II by 2008.

The longest predicted attenuation period in PSA12 is at well 21598 for TCE, which reaches Tier II in the
year 2076. The TCE half-life at this well is 19 years. A lower initial concentration of CT is predicted to
reach Tier II in well 21298 in 2071. The CT half-life is at this well is 63 years. PCE rapidly attenuates
(half-life 0.5 years) in well 84702 and is predicted to reach Tier II in 2005.

One of the longest predicted attenuation rates is for CF in well 18799 in PSA14. Chloroform in this well
has a half-life of about 190 years and is predicted to reach Tier II in about 2455. PCE concentrations in
groundwater at well 18499 is predicted to attenuate to Tier II in about 2042 at a half-life of 10 years.

If all of the half-lives for positive point attenuation rate constants are grouped together by CAH some

half-life (0.7 years) of the RFETS CAHs. Published literature indicates that chloroethane has a hydrolysis
half-life of 0.12 years, so these values are in reasonable agreement. Of the parent solvents, the literature
indicates that 1,1,1-TCA has a relatively short hydrolysis half-life of 0.5 to 2.5 years. In the RFETS
groundwater, its mean half-life is comparable at 5 years. TCE is the longest-lived parent CAH with a
half-life of 27 years, while CT is second at 18 years, and PCE is third at 14 years.

Another line of evidence demonstrating natural attenuation of the RFETS CAH groundwater plumes is
decreases in CAH mass over time. If natural attenuation is occurring large decreases in CAH mass would
be observed during the more recent period. The mean concentrations of individual CAH compounds in
groundwater were computed for individual wells during two periods 1992-1993 and 2002-2003, a
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separation of 10 years. The CAH concentrations in groundwater were converted from pg/L to
micromoles/liter (.Mole/L). If the number of uMoles decrease between the two periods a net loss of
CAHs.through natural attenuation has occurred. At each well the uMoles of all detected CAH
compounds were summed to estimate total pMoles of chlorinated aliphatics per liter during the period. A
database query identified 122 wells with CAH analytical data for both periods.

The total mass of CAHs decreased between the two periods (1992-1993 and 2002-2003) at 91 monitoring
wells indicating that natural attenuation has occurred at those wells. The average decrease in mass at
these wells was 14.1 pMoles per liter per well. The remaining 31 wells showed no evidence of
attenuation, but showed an increase in CAH mass. The average mass increase was relatively small at 3.5

' pMoles per liter per well. If the changes in mass at all 122 wells are summed, the overall net change is a

mass loss of 1,169 uMoles per 122 liters, or 9.6 pMoles per liter at an average well. This mass loss
provides evidence that CAH plumes at the RFETS are-undergoing natural attenuation. The overall
decline is actually a rate, 9.6 pMoles/ liter/ decade at each well. The site-wide average CAH molar
attenuation rate is 0.96 pMole/ liter/ year. .

The ratios of the cis and trans stereoisomers of 1,2-DCE (i.e., cis-1,2-DCE and trans-1,2-DCE) have been
used as an indicator of biodegradation. DCE is generally a mixture of cis- and trans-1,2-DCE. In
contrast, biodegradation produces mainly cis-1,2-DCE (EPA, 1998). The cis/trans 1,2-DCE ratio is
typically greater than 25 to 1 in groundwater where biodegradation is actively proceeding. The cis/trans
1,2-DCE ratio was computed for each well and sampling event with detectable concentrations for both
isomers. Although some wells have low ratios, most wells had high cis/trans ratios between 26 and 684.
This is taken as evidence of biodegradation at these locations.

Review of the redox geochemistry of groundwater at RFETS indicates that the groundwater in most wells
is highly oxidizing with a mean DO content of 5.7 mg/L. However, there is evidence of locally reducing
conditions suitable for biodegradation at a relatively small number of wells. For example, a few wells
have elevated concentrations of ferrous iron that indicate an Fe(IlI) reducing environment suitable for
biodegradation. Well 33502 has a mean ferrous content of 22 mg/L and has high concentrations of VC,

ORP measurements in the RFETS groundwater range as low as —316 mV which is close to the range
expected for sulfate reduction, another favorable indicator of biodegradation. Groundwater from some
wells has detectable sulfide and anomalously low mole ratios of sulfate/sulfide implying that sulfate
reduction is taking place.

BTEX is commonly found in groundwater contaminated by gasoline spills or leaking underground fuel
tanks. Microorganisms use fuel hydrocarbons as a substrate or carbon source. Microbial respiration

. along with the biochemical oxygen demand (BOD) of fuel hydrocarbons and their degradation products,

rapidly produce locally reducing conditions in groundwater. The combination of a food source for
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bacteria and a reducing environment promotes CAH biodegradation. Therefore, the concentrations and
location of BTEX in groundwater at RFETS is also an indicator of suitable biodegradation environments.
Diesel fuel and hydraulic fluid from lathe coolant should also provide carbon sources for bacteria in
groundwater. )

BTEX concentrations in groundwater at RFETS were computed by summing the concentrations of
analyzed isomers of xylene, benzene, toluene, and ethylbenzene at each well. Although BTEX is rapidly
biodegraded, low concentrations of BTEX once existed in groundwater over much of the IA and East
Trenches areas. This agrees with information from the Historical Release Report (DOE, 1992), that there
were dozens of fuel spills, leaking tanks, and leaking drums at RFETS during its 50 year history. The
highest BTEX concentrations were near the 903 Pad which was a drum storage site. Elevated BTEX
concentrations were also observed at Ryan’s Pit, East Trenches, and north of B-777.

A site-specific conceptual model was developed of natural attenuation processes at RFETS. This model
assumes that typically uncontaminated groundwater at RFETS has a DO concentration averaging more
than 5 mg/L in an aquifer low in DOC (e.g., BTEX). Such an environment does not support
biodegradation by reductive dechlorination and is called a Type III groundwater environment
(Wiedemeier et al., 1999).

Microbial respiration, and the potential presence of fuel hydrocarbons at CAH source areas causes rapid,
but very local depletion of DO within the source contamination (PCE, TCE, CT). This may produce
islands within the IA at IHSS 118.1, Mound, 903 Pad, or East Trenches where biodegradation locally
takes place. These islands are surrounded by a sea of oxidizing groundwater which can aerobically
oxidize VC, but does not support reductive dechlorination.

The site-specific conceptual model of biodegradation at RFETS is hypothesized to be a combination of a
Type I environment at the island source area, surrounded by a Type III oxygenated environment. Figure
5-117 is a Site-specific conceptual model of natural attenuation at the RFETS.

The-most important natural attenuation mechanisms for PCE, TCE ,and CT ina Type Il oxygenated
environment are sorption, advection and dispersion. The lack of blodegradatlon in the Type m
environment downgradient of the CAH source area allows the PCE and TCE plumes (Figure 5-117) to
migrate relatively farther from the source than in the general conceptual model (Figure 3-5). Other
differences between the general and Site-specific models are listed below:

e Background and downgradient DO levels are higher in the Site-specific model (Figure 5-117);

e Although PCE and TCE have longer plumes, VC has a shorter, narrower plume because it can be
aerobically oxidized by downgradient DO;
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e Methane, acetate, and sulfide have smaller areas of chemical stability within the plume because
they can be oxidized downgradient or consumed by aerobic bacteria;

e Redox zonation is typically smaller around the Type I biodegradation environment; and

o If Mn(IV) and Fe(III) reduction produced elevated concentrations of Mn(1I) and Fe(II) at and just
below the source area; these metals may re-oxidize downgradient.

This report has met its objective of providing biodegradation rate constants to support transport modeling
of CAHs in the Site groundwater. It has provided an assessment of the occurrence and natural attenuation
of CAHs in groundwater at the RFETS. This assessment provides valuable input for DOE strategic
planning of groundwater remediation and Site closure. The assessment should also be useful to WMCP
and ER personnel in rescoping groundwater monitoring needs, and evaluating potential remedial actions
for groundwater.
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